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Abstract 
Sustainable energy has remained a challenge across the world due to over-dependence on fossil fuels. 
This has resulted in energy crises in terms of the shortfall in supply, global price instability and 
continual adjustment of energy policies. The issues of environmental degradation and the quest for a 
long-term solution to the importation of fossils fuels necessitated the call for relentless engagement 
and development of sustainable alternative sources of energy that can also serve to bridge the 
unavoidable gap between demands and supply. Amongst the alternative and sustainable sources of 
energy generation is the Fischer-Tropsch (FT) synthesis, which could play a very important role, if 
not to a great extent, an improvement on the efficiency of fossil fuel reserve exploitation and 
utilisation.  
The process of Fischer-Tropsch Synthesis (FTS) produce liquid hydrocarbons generated from the 
synthesis gases (CO, H2), which rely on the potential of carbon monoxide to exchange hydrogen for 
oxygen when a catalyst is present. The FT process conversion reaction more often than not is 
heterogeneously catalysed by an active metal phase, dispersed on a support which might contribute 
to the catalytic activity, and is considered a surface-catalysed polymerization reaction. However, 
surface scientists have shown that in addition to the actual FT catalysis which generally takes place 
on the metal surfaces, the nature of the metal/oxide interfaces still plays a role in the reaction. Hence, 
the need for a suitable and stable support system with active surface sites for proper metal dispersion. 
This will be suitable for high FTS activity, achieved by the use of nano-sized particles and novel 
meso-structured materials. The arrival of novel meso-structured materials can facilitate the design of 
heterogeneous catalysts and promises to have the potential for FT synthesis, because of their tunable 
porous interconnected networks that have a large surface area (with a pore size of 2 - 50nm) and 
uniform pore size distribution. This is because of the metal-support interaction in smaller particles 
that is noticeably stronger compared to larger particles, which could lead to high FTS activity through 
the use of nano-sized particles, and periodic mesoporous supports. 
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Periodic mesoporous silicas, SBA-15 are a class of inorganic oxides, possessing high surface areas, 
and very narrow distribution of the pore sizes. Mesoporous transition metal oxides, on the other hand, 
have been considered as a new support that can better influence the catalytic performance of Fischer–
Tropsch catalysts, due to their multiple oxidation states and the effect of the metal-oxide interfaces 
on catalytic activity and selectivity.  
The preparation of metal nanoparticles is achieved by the chemical reduction of the corresponding 
metal salts (ruthenium trichloride hydrate, RuCl3.3H2O) to produce zero valent metal colloids via the 
alcohol reduction process using sodium borohydride. An organic amine ligand was employed (as a 
stabilising and protecting agent), to manage and direct the growth of nanoclusters initially formed, 
and to further prevent their agglomeration. 
Various surface characterisation techniques, such as transmission electron microscopy (TEM), H2 
chemisorption and oxygen titration, scanning electron microscopy (SEM), X-ray diffraction (XRD), 
BET, and thermogravimetric analysis (TGA) are used to generate detailed data/information about the 
materials. 
The evaluation of the synthesised catalyst samples for FT activity is conducted in a modified 
Frontier® single fixed-bed μ-reactor connected to a GC-MS system, and a conventional fixed-bed 
reactor. To suit the rapid screening of Fischer–Tropsch catalysts, a modification of the Frontier® 
single μ-reactor “Rx 3050SR” system was necessary. It was initially designed to allow for the rapid 
analysis of an assortment of catalysts and catalytic systems with different sample types at the various 
reaction and process conditions especially in the area of heterogeneous catalysis. It is operated in 
three analysis modes: real-time monitoring, isothermal and step programmed. The real-time 
monitoring of catalysts can be very useful in determining appropriate conditions to run actual 
reactions for a specific catalyst with different compositions, as it shows which of the different 
chemical species dominates at various stages of the reactor conditions. The use of a separation column 
enables one to identify the presence of a wide range of product distribution, which depends on the 
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process conditions. Thus, depending on the desired product yield for a specific catalyst system, it is 
possible for one to determine what conditions to run the reaction. This rapid screening of a catalyst, 
series of catalysts or catalytic system exemplifies the convenience of using the micro-reactor for an 
assortment of reactions. To achieve this on the Fischer-Tropsch reaction, we modified the Frontier® 
Single μ-Reactor flow configuration, to facilitate the rapid analysis of catalysts in the Fischer-Tropsch 
synthesis reaction within the shortest possible time. Also shown is the possibility of generating the 
ASF plot and calculation of the chain growth probability, to provide insight into the catalyst activity 
within this short time-frame. 
The performance of the catalysts, as a result, of variations in process conditions (temperature and 
pressure), using the conventional lab scale fixed bed reactor, were seen to be due to the well-dispersed 
small Ru nanoparticle intimate interactions with the support. The catalyst has more sites characterized 
by low barriers for CO dissociation, compared to sites with low barriers for C–C recombination, 
which accounts for increased hydrogenation at lower temperatures with improved selectivity towards 
the higher hydrocarbons. This is a direct impact of the metal dispersion, chemical identity, and surface 
properties of the type of support, as well as metal-support interaction (resulting in electronic 
modification). The reduction of C5+ hydrocarbons, is attributed to the limited heat and mass transfer 
effects within the porous supports. 
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SECTION I 
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Chapter 1. Introduction 
1.1 Background and Motivation 
Energy is a fundamental need of a modern economy because it is an essential constituent of nearly 
all goods and services. Its usage demands heavy environmental, financial, and security costs, which 
cannot be quantified economically. However, energy-generating chemical processes are inefficient; 
conservation can be derived from improvements in energy-generating design and process 
optimisation.1-2  
Sustainable energy development has remained a major challenge because of the over-dependence on 
the world’s fossil fuel reserves resulting in energy crises because of a shortage in supply, price 
instability,3 and the continual adjustment of energy policies. Concern for the environment and a long-
term solution for the importation of fossil fuels to bridge the inevitable gap between demand and 
supply, therefore, call for the relentless engagement and development of alternative sources of 
energy.4  
Among the alternative and sustainable source(s) of energy generation is the Fischer-Tropsch (FT) 
synthesis process through the Gas-to-liquid (GTL), biomass-to-liquid (BTL) and Coal-to-liquid 
(CTL) technologies. This can play a very important role, if, the efficiency of fossil fuel reserve 
exploitation and utilisation is improved upon, which will simultaneously lead to a reduction of global 
carbon footprint. 
The concerted research on the extraction of energy from coal throughout the twentieth century was 
focused on two main approaches: the direct liquefaction (via hydrogenation process) and indirect 
liquefaction by FT synthesis process (via gasification).5, 6 The viability of CTL technology has come 
through at a time when the prices of crude oil are at unprecedented high levels and a number of the 
oil-rich regions are undergoing instability and political uncertainty. In comparison to alternative crude 
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oil refining, the FT process is fundamentally capital intensive, and for this reason, there is a need for 
host governments to get involved and support the technological advancement and commercialisation. 
In the 1980s, the global interest in coal gasification as a source of energy diminished to a large extent 
because of the abundance of cheap crude oil. With escalating crude-oil prices combined with 
perceived diminishing oil reserves in the late 1990s, the Fischer-Tropsch synthesis once again aroused 
momentous interest as an alternative source of energy. This interest is in an attempt to achieve energy 
self-sufficiency and improved future energy security. The concern for the environment also helped in 
bringing ideas on the improvement of these processes to ‘strategically minded’ energy thinkers, which 
resulted in the development of new environmentally friendly technological advancement in more 
recent years.6, 7 
There are abundant natural gas reserves in the world, an estimated 50% of which is considerably 
underutilised. Natural gas is considered the most efficient and cleanest of the three major fossils fuels 
and its conversion is topical in the energy industry and shows great potential. The establishment of 
natural gas conversion technologies such as GTL capability gave gas owners a new lead, allowing 
for the diversification of their product slate (gas monetization) to attain a market level which was 
previously considered unreachable and impossible. GTL plants will be perfectly appropriate for gas-
rich countries, in particular, those with underutilized natural gas reserves or those with a huge quantity 
of associated gases, which are flared in the commercial production of oil.7-9  
For several gas-rich countries in the world, the GTL step offers important strategic, economic, and 
environmental benefits. This established technology presents gas-rich countries with the prospect to 
expand and diversify their national energy sectors while, at the same time, as well as to considerably 
mitigate unwanted emissions produced by flaring conventional fossil fuels. At the heart of the GTL 
technology is the conversion of synthesis gas (syngas)-which is a blend of hydrogen and carbon 
monoxide, into synthetic crude oil (syncrude) by the process of FT synthesis process.7, 10-11 
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Despite the drawbacks associated with FT technology, numerous factors have once again stirred 
renewed interest in its use to convert coal and natural gas to liquid fuels. Among these influencing 
factors, the following can be listed: 12, 13 
 the need to monetise currently underutilised isolated and inaccessible or stranded natural gas 
resources, 
 environmental concern and the need to minimise the flaring of associated gas during 
commercial oil production, 
 increased awareness of natural gas reserves, 
 the need to trim down crude oil dependence, and 
 the opportunity for a gas-rich country to diversify its economy and create jobs. 
Due to the renewed interest in the technology, there is a need for the construction of less capital 
intensive FT plants, which can be designed to maximise the available raw material and perform to a 
better level of efficiency. 
The process of Fischer-Tropsch Synthesis (FTS) produces liquid hydrocarbons (HCs) generated from 
the synthesis gases (CO, H2). It is an encouraging alternative for the generation of environmentally 
well-disposed and friendly chemicals in addition to middle-distillate range-fuel from biomass, coal, 
and natural gas. The process is currently the favoured approach to producing synthetic fuels and 
depends on the ability of carbon monoxide to exchange (substitute) oxygen with hydrogen when a 
suitable catalyst is present.5, 12  
The Fischer-Tropsch process is heterogeneously catalysed by an active metal phase, which is often 
dispersed on a support that may contribute to the catalytic activity. Although all group VIII elements 
have shown significant activity for the process, Fe, Co, and Ru offered the highest activity14 and are 
therefore considered for commercial production. Co and Fe catalytic systems are used commercially 
because they are cheap and readily available, while ruthenium (known to be highly selective but 
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expensive) is used as a promoter. Over the years, the use of silica, alumina, or titania, as a support 
has been well reported. At some point, the supports were assumed to play some role in the Fischer-
Tropsch reaction. The FT process conversion reaction is considered a surface-catalysed 
polymerization reaction. The reaction is heterogeneously catalysed by an active metal phase, 
dispersed on a support, which might contribute to the catalytic activity. However, surface scientists 
have shown that in addition to the actual FT catalysis, which generally takes place on the metal 
surfaces, the nature of the metal/oxide interfaces still plays a role in the reaction. Hence, the need for 
a suitable and stable support system with active surface sites for proper metal dispersion.14-20  
The efficiency of Fischer-Tropsch synthesis can, therefore, be enhanced by designing new catalysts 
with adequate systematic control of metal dispersion and reducibility on the supported catalyst. In so 
doing, this leads to improved catalytic properties, such as higher activity, productivity, and selectivity 
towards C5+ hydrocarbons.
21–24 
An established indispensable component in the drive towards sustainable energy production, and in 
the development of clean chemical and petrochemical processes, is the role of catalysts and catalysis. 
The use of highly efficient and selective catalysts could save resources as well as energy during 
production. Particle size and surface structure, as well as the location of the active metal in a catalyst, 
are now known to determine the selectivity and activity of catalytic reactions.25, 26 In light of this, 
metal nanoparticles have experienced remarkable development over the past few years. They have 
not only been shown to possess diverse potential applications due to their physical properties and 
chemical reactivity, but they have also proven to be efficient selective catalysts for reactions.27, 28 The 
use of nano-sized particles to achieve high Fischer-Tropsch synthesis (FTS) activity have been 
reported in literature.29-32 
As a rule of thumb in heterogeneous catalysis, smaller metal crystallites offer the largest surface area 
on which reactions may occur.33, 34 The conceptual use of pores was introduced to avoid 
agglomeration of nanoparticle metal colloids during the reaction, which leads to the availability of 
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greater surface area and also higher selectivity in reactions.35 It also strongly influences the catalytic 
performance of numerous catalysts in various reactions. It is believed to increase the reactants and 
products diffusion in the mesoporous channel, thereby leading to an improved distribution of 
hydrocarbon product yield from the FT synthesis.17, 36–39  
Periodic mesoporous silicas, of the type SBA-15 and MCM-41, are a new class of inorganic oxides, 
having a surface area approaching 1000 m2/g, and a narrow pore size distribution.40–42 The pore size 
of mesoporous silicas can be adjusted during synthesis by means of numerous surfactants and 
variation of the reaction condition(s). Earlier studies by Zhang et al. show that supported 
nanoparticles are stabilised in periodic mesoporous silica having narrow pore size distribution. As a 
result of the stronger metal-support interaction in smaller particles compared to that in larger particles, 
small oxidised particles and clusters are more likely stabilised in the silica.24, 43, 44 Mesoporous 
materials are therefore seen as an appropriate model support to conduct studies on the effect of 
porosity and particle size as well as catalytic behaviour on FT activity and hydrocarbon selectivities.39 
The design of heterogeneous catalysts promises a great deal for FT synthesis. The arrival of novel 
meso-structured materials with tuneable porous interconnected networks has introduced a high 
surface area, of large pore size, and a uniform pore size distribution of support materials.19, 32, 45-48 
The FT synthesis activity has been found to increase with specific surface area thereby favouring 
higher molecular weight hydrocarbon selectivity for catalysts with support pore diameter of less than 
4 nm. A high surface area and small/narrow pores affords a high surface area on which the metal is 
loaded with a high dispersion.19 However, there are instances where the high surface area does not 
translate to ease of reducibility of the catalyst, as is the case with air calcined cobalt catalyst which 
sometimes forms stable, and hard to reduce silicates and aluminates with SiO2 and Al2O3 supports. 
The formation of silicates/aluminates is dependent on the metal loading, metal precursor used, 
calcination temperature, and sometimes the reduction chemistry, these determine the amount of cobalt 
diffusing into the support lattice.49 This, has sparked interest in the use of mesoporous materials as a 
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catalyst support, to provide high surface area for the metal in the catalyst for FT synthesis. The idea 
is to develop catalysts with good control over the surface area, and the dispersion of the active metal 
on the support. A poor surface area makes activation of the catalyst a challenge, often employing very 
high temperatures to achieve activation. In literature, the chemical nature of the support and particle 
size is proportional to metal dispersion and closely linked to the performance of FT catalysts for 
particles smaller than 10 nm.50-54 Although there is often reported problems associated with 
nanoparticle catalyst reoxidation, for catalysts less than 10 nm, the catalysts will be more suited for 
low temperature applications, by taking advantage of the high surface area, and the distribution of 
surfaces with different local geometries.19  Characterisation and catalytic results have shown a strong 
influence of support porosity on the reducibility, structure, and catalytic performance for metal 
species supported on mesoporous materials. However, there is an indication and the possibility of a 
change in particle size and, hence, surface area during pre-treatment. A clear correlation between 
turnover frequency (TOF) and pore diameter for support with 2–13 nm has been reported.19, 24, 51, 55-
59 
1.2 Problem Identification 
As anxiety grows over global warming and the dependence on fossil fuels as an energy source, the 
search for renewable and sustainable energy sources that will reduce the carbon footprint to the 
environment becomes a matter of extensive attention. This calls for the relentless engagement and 
development of alternative, renewable and sustainable sources of energy to reduce emissions and 
generate energy in a more environmentally friendly way.60 
In general, coal-based FT synthesis poses a number of challenges and limitations, which impacts 
negatively on the commercialisation of the technology. Some of the predominant drawbacks include, 
but are not limited to the: 
i. limitation of intended product selectivity, 
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ii. deactivation of catalysts, 
iii. demand of immense capital (i.e., the process is capital intensive),  
iv. below optimum thermal as well as carbon efficiency.  
The first two drawbacks are generally attributed to the development of catalysts in research and 
developmental (R & D) work, and the other two are as a result of design and operational strategies of 
the FT technology scale-up.5, 12 
Conversion efficiencies of the process may possibly be estimated within the range of 30-50% for 
chemical energy as well as 25-45% for recovered carbon in the hydrocarbon products, according to 
published studies.61 Interrelated to the carbon efficiency of a process is the impact on the environment. 
Hence, it is an exceedingly influential variable which has to incorporate all aspects of running and 
capital costs, and the impact on the environment.12, 61 This entire chemical or carbon energy 
inefficiency of the process, could be credited subsequently to these factors: 11 
1. The overall stoichiometry of the process – deals with the amount of the chemical energy, 
which can be stored or transferred to the desired hydrocarbon product. 
2. Energy requirements – which entails the energy required for the continuous operation of the 
process. 
3. The selectivity of products – deals with the portion of the reactant(s) that is converted to 
desired products during the FT synthesis, and at specific process conditions. 
4. Thermodynamic and kinetic limitations – deals with the thermodynamic and kinetic 
limitations of the entire reaction process, and how important the contributions impact on the 
successful operation of the process.  
Even though the FT process has received increasingly realistic interest in the technological 
advancement, there are still salient questions that are yet to be answered completely. Such as the 
control of selectivity and activity of synthesis gas transformation to give desired products.62 Current 
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commercial FT technologies are operating with a carbon efficiency of 25%, while the maximum 
possible carbon efficiency is about 50%, which gives room for improvement.13,61 The overall process 
efficiency depends on various process parameters, including both catalyst and reactor design. Hence, 
concerted efforts geared towards the design of specifically more active and selective catalyst is an 
added advantage and contributes to the development of energy-efficient FT processes. 
1.3 Research Aim and Objectives 
Although FTS has been critiqued for being costly and an inefficient process, numerous factors, 
however, have prompted a renewed attention in its application in the conversion of coal and natural 
gas to liquid fuels. All over the world, there is continual FT innovation, research, and development 
by scientists and engineers that are focused on key technological issues affecting the economy and 
successful deployment of a GTL/CTL plant. These scientist and engineers are devoted to developing 
the next generation of GTL technology, and their work covers specific areas. For instance, iron, cobalt 
and ruthenium-based catalysis and FT reactor design, which improves the performance of the FT 
process so as to lower capital costs and enhance the process flexibility and efficiency. FT synthesis 
as a nucleus of the GTL and CTL processes has never been so meticulously researched and advanced 
for commercial use. 
The objective of the research was to synthesise, characterise and study the catalytic performance of 
nanoparticle-sized ruthenium catalysts incorporated into a mesoporous material during the FTS 
reaction. The effect of nanoparticle size on the product distribution and catalyst activity will be 
investigated so as to present a better perception of the relationship between size and the selectivity to 
products. More so, this investigation will attempt to establish a correlation among catalyst particle 
size, activity/selectivity, and support type to product distribution. This could lead to the development 
of more effective catalysts. The possibility of developing a catalytic system that could overcome well-
known challenges and result in the successful deployment and increased efficiency of FT synthesis 
in GTL technologies will be investigated. 
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1.4 Thesis Overview 
The outline of the entire thesis is as follows. 
Chapter 1 contains the following discussion: the background to the study, the motivation for the study, 
problem identification on the FT synthesis reaction, and the objective of the research. 
Chapter 2 comprises the literature review, which is presented in six sections. The first gives an 
overview of the need for sustainable energy supply. The second focuses mainly on the history and 
development of the Fischer-Tropsch synthesis process, reaction and process overview, and the 
reaction mechanism. The third discusses activity and selectivity in the FT synthesis process and 
covers particle and pore size effect as well as chain growth and product distributions. The fourth 
section discusses the use of CO2 content in the feed stream. The fifth section looks at catalyst 
complexity with a focus on the use of metal nanoparticles in catalysis (specifically ruthenium 
nanoparticles). Finally, the sixth section comprises the use of mesoporous materials in catalysis and 
its synthesis. 
Chapter 3 describes the approach and methodology used to accomplish the project objectives. The 
first section focuses on catalyst preparation (synthesis of the Ru nanoparticles and mesoporous 
support materials). The second is on catalyst characterisation techniques used for the support and the 
nanocatalysts. The third section looks at the experimental set up used to evaluate the catalysts and 
provides a detailed description of the modification and optimisation of the Frontier® Single Micro-
Reactor for FT activity and selectivity. 
Chapter 4 discusses the use of Frontier® Tandem micro-reactor GC-MS system for the rapid on-line 
Fischer-Tropsch reaction monitoring, using real-time monitoring (RTM) and batch modes. It also 
looks at product overview at different temperatures, and the ability to generate the ASF plot and 
calculate the growth probability using this system.  
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Chapter 5 reports the analysis of Fischer-Tropsch synthesis reaction products at different 
temperatures and pressures, using low metal loaded ruthenium nanoparticles on mesoporous SBA-15 
support on a conventional lab scale fixed bed reactor.  
Chapter 6 looks at the effect of low metal loading on the activity and selectivity of Ru/SBA-15 
catalysts in the Fischer-Tropsch synthesis reaction. The process parameters of temperature and 
pressure were investigated using a conventional fixed bed reactor.  
Chapter 7 recounts the analysis of Fischer-Tropsch synthesis reaction products at different 
temperatures and pressures, using ruthenium nanoparticles promoted mesoporous cobalt oxide on a 
conventional lab scale fixed bed reactor.  
Chapter 8 talks about the synthesis and temperature evaluation of different mesoporous material 
supported low loaded sub 2 nm range Ru (np) for Fischer-Tropsch synthesis reaction. The idea is to 
look at how catalytic performance, including product selectivity, can be taken into account when 
creating a catalyst for the Fischer-Tropsch synthesis reaction, taking into account the environment. 
Chapter 9 provides a summary of the research carried out. 
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Chapter 2: Literature 
2.1 Sustainable Security in Energy Supply, to meet increasing 
global energy needs 
Energy is the most fundamental scientific-technological and innovative nightmare to confront 
humanity in the twenty-first century and beyond. This is because mankind literally lives off energy. 
The projection is that overall the demand for energy in the world, especially with regard to 
transportation fuels, will continue to rise in as much as the world’s population increases in number 
and sophistication.1 As a consequence of the increase in global population, global energy 
consumption rates, the depletion of fossil fuels and the rising negative impact of global warming, 
there is an increase in the significance of sustainable, economically viable, clean and efficient energy 
technologies.2 Presently, a large share of the energy needed in the world is met by traditional fossil 
fuels, which has two major problems: a gradually depleting finite supply and the continuous growth 
in carbon dioxide emission into the atmosphere from their combustion (thereby leading to severe 
environmental issues).2, 3 This has made it essential for the search for an alternative energy source. 
Although the initial estimate of global oil reserves in 2000 stood at around 1105 billion barrels, this 
value was increased to roughly 1476 billion barrels before 2010 came to an end. The value is 
accounted for with by the inclusion of Canada’s oil sands, shale oil and gas because of new 
discoveries of proven reserves.1 At the current level of consumption, best estimates indicate that 
traditional fossil fuel reserves will only last for the next 200 years. The annual CO2 emission level 
(as estimated by EIA) was 29.7 billion tons in 2007 and it is expected to rise roughly by a 43% 
increase to 42.4 billion tons by the year 2035. This will affect various aspects of our lives 
considerably, especially through climate change.1 In the 1980s, there was unease over climate change 
because of global warming due to the emission of CO2 from traditional fossil fuel consumption. This 
led to the implementation of new policies, which placed tougher legislation on emissions and flaring 
of associated natural gas by developed and developing countries during the Kyoto treaty in Japan 
(often referred to as “Kyoto Protocol”).4 This was done in order to achieve the Kyoto goals: improve 
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on efficiency in energy consumption, the sustainable security of energy supply, and the adoption of 
new alternatives like renewable energy systems. ‘Sustainable development’ is therefore seen as a 
strategic goal, essentially to “meet the needs of the current generation without sacrificing the ability 
to meet the needs of future generations”.4-6 
Economically, a number of factors forced a change in the approach to technological advancement and 
sustainable development. These factors include the growing energy and raw material demand, energy 
supply security coupled with anxiety over oil price instability, ambiguity in estimated crude reserves, 
global climate change, and political stability. It became critical for the development of renewable and 
sustainable energy technologies in order to face the social, economic, environmental as well as 
technological challenges to meet the need for energy conservation.1, 2 This provided the motivation 
for initiating alternative energy carriers compared to conventional petroleum products. The recent 
industrial, political and research attention in the Fischer-Tropsch synthesis (FTS) technology, is at 
the core of these new initiatives.7 The interest in the FTS technology thus provides viable options to 
convert feedstocks (like natural gas, biomass, etc.) into useful products, which can be used either as 
fuel or as chemical. Due to economic competitive reasons and the fact that there is a major 
sustainability challenge for a change to renewable energy from fossil fuels, the stride towards 
adopting renewable energy alternatives is somewhat slow.8,9 Hence, the Fischer-Tropsch synthesis 
process could be a viable option during the transition period to renewable energy.  
In energy transformation processes involving gasification, combustion, of fossil and renewable fuels, 
conservation and the quality of energy is essential in the long run. In order to achieve this, coupled 
with the twin reasons of limiting CO2 emissions as well as preserving fossil fuels, there is greater than 
before demand for processes requiring little energy and generating minimal waste.1, 9d The primary 
concern, therefore, would be to use the resources more efficiently. As such, new energy technologies 
(including renewable energy sources and efficient energy end-use technologies with reduced 
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emissions) are expected to play a role by contributing up to about 70–75% of the global energy 
need.4c, d 
One way to achieve the sustainable security of energy supply and meet increasing global energy needs 
is to enhance raw material conversion into appropriate valuable end products. In the energy industry 
at present, interest is in the use of non-petroleum fossil fuels as a substitute supply for hydrocarbons 
in the indirect liquefaction processes (feed-to-liquids [XTLs]). The feed X is either coal (C), natural 
gas (G), biomass (B), or carbonaceous organic waste (W). Thus the XTL process was developed. This 
process represents a number of composite technologies via FTS used for the industrial conversion of 
any form of carbon-based fuel into a different type, utilising syngas generated from carbonaceous 
materials as feedstock for the production process.  
Any of the conversion routes in the XTL process technology comprises three main sections.1, 8, 10-13 
The first section is the production followed by purification of syngas, which mainly comprises carbon 
monoxide and hydrogen via gasification/reforming pathways. This is then essentially followed by 
Fischer-Tropsch synthesis in the second section, which typically unavoidably produces a wide range 
of hydrocarbons and oxygenates, with the liberation of great heat owing to the exothermic nature of 
the reactions. If further developed and performed efficiently, this becomes an economically viable 
alternative energy source.14 The final section is the product up-grade section, via isomerisation, 
hydrocracking, and/or hydro-isomerisation processes to yield the desired clean hydrocarbons, and the 
value-added chemicals. This section comprises the reactors, recycles, unconverted syngas 
compression, CO2 removal, hydrocarbon and hydrogen recovery, reforming of the methane produced 
as well as product separation. 
Coal and biomass feedstocks often experience low hydrogen content, resulting in poor conversion 
efficiency due to the low H2/CO ratios in the manufactured syngas feed. Stoichiometrically, the 
hydrogen and carbon monoxide (H2/CO) ratio is less than required for linear hydrocarbon synthesis, 
as such the surplus CO is sometimes disposed of as CO2 via the water gas shift (WGS) reaction. 
Chapter 2. Literature         19 
19 
 
Consequently, the carbon utilisation, as well as the entire economy of the process, is limited 
tremendously. Therefore paving a way for a sustainable technology that will maximise the utilisation 
of carbon, using such syngas feeds from sources, with little or no CO2 emission.
1c, e Thus, 
technological advancements in the area of Fischer-Tropsch synthesis will be attractive and necessary 
to meet much-needed development.  
Among the feed-to-liquids (XTLs) technological alternatives being explored, the gas-to-liquids 
(GTL) and coal-to-liquids (CTL) processes are at the forefront and have attained commercial 
standing. There is on-going and continuous expansion of existing CTL and GTL installations across 
the globe and a number of new Fischer-Tropsch synthesis plants at different stages of completion.8 
This indicates the emerging role of feed-to-liquids (XTLs) conversion technology and its anticipated 
cumulative contribution to hydrocarbon supply globally in the near future.8 The use of natural gas as 
essential raw material for manufacturing clean liquid fuels and chemicals in the GTL conversion 
technology, is expected to increase, thereby ushering the world into a promising synthetic fuel 
production phase.4, 11, 15, 16 This is on account of GTL being the most developed process due to the 
advancements in development and reactor technology.10 As a core technology of the XTL processes, 
Fischer-Tropsch synthesis also accounts for the intensive research attention in recent times, and its 
potentiality for promotion to commercialisation by engineers.17-19 Although the rate of CO2 generated 
in the overall process represents an extra hurdle for the implementation of XTL, decades of research, 
innovative work, and development of the FTS technology have finally put it at a full-scale industrial 
and worldwide commercialisation phase for a sustainable energy drive. 
Currently, a promising topic in the energy industry is the conversion of natural gas to liquids because 
of the enormous reserve amount of stranded natural gas in some parts of the world. This can be made 
economically viable for the production of environmentally clean fuels, waxes, and chemicals.14b, c, 19b 
The discovery of new vast oilfields and recently increased knowledge of known natural gas reserves 
existing at remote locations brought about the rejuvenated interest in Fischer-Tropsch synthesis 
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technology. It can be accredited to the search for petroleum alternatives in the wake of rising prices 
and thinning crude oil reserves as well as the quest to diversify energy sources, as nations strike to 
achieve some level of independence in energy supply due to economic and socio-political reasons. 
More so, the need to monetise this remotely stranded natural gas, coupled with technical 
developments in Fischer-Tropsch process technology due to more active catalyst development as well 
as improved reactor designs led to this interest.14b, 20a  
The liquid synthetic fuels generated from this process have several remarkable advantages. It 
produces hydrocarbons of different chain lengths; which can be functionally compared to normal 
refinery products and are of high quality, free of sulphur, aromatics, and other contaminants.20b, 21 It 
can, therefore, turn out to be a major energy carrier alternative, which could contribute a noticeable 
share in the final energy mix globally. The use of the process technology to commercialise stranded 
gas reserves (especially in the Middle East and some parts of Africa) could provide considerable 
income for the geopolitical region as well as meet the growing energy demand.14c, d 
Since Fischer-Tropsch synthesis is a significant step in the XTL conversion process, this work is 
therefore aimed at improving on its possible, desirable, and necessary products as well as the 
minimisation of CO2 emissions for sustainability in the energy sector. 
2.2 Fischer-Tropsch Synthesis: An overview of history and 
Developments 
The reaction between hydrogen and carbon monoxide to produce methane, catalysed by nickel was 
first reported in 1902 by Sabatier and Senderens. Subsequently, it was followed with the development 
of promoted iron catalysts for ammonia synthesis from nitrogen and hydrogen by Mittasch, Bosch, 
and Haber in 1910.1 BASF in 1913 trailed with patents for the manufacture of hydrocarbons (HCs) 
and oxygenated compounds at high-pressures over oxide catalysts using carbon monoxide. In the 
1920s, while Bergius was looking at direct liquefaction, German scientists Hans Tropsch and Franz 
Fischer were developing a way to indirectly convert coal into liquid fuel while working at the Kaiser 
Chapter 2. Literature         21 
21 
 
Wilhelm Institute in Berlin.1 Fischer and Tropsch first hydrogenated carbon monoxide to make 
synthol over iron (treated with alkali), and subsequently, in 1925, they publicised higher 
hydrocarbons synthesis under lower reaction conditions (temperatures and pressures) than Bergius’ 
process specifically at atmospheric pressures.22  
Awareness in the process developed rapidly and research began in England, United States 
(particularly at the US Bureau of Mines), and Japan with efforts dedicated to improving the 
methodology. In the course of the 1939-1945 World War, research continued particularly in Nazi 
Germany to gratify fuel demand with their abundant supply of low-quality brown coal. Germany had 
abundant reserves of low-quality coal but was extremely short of oil and believed it may perhaps be 
converted into motor fuel to boost the war effort. Ever since, it has been further developed, improved 
upon, and commercialised both locally and internationally. In this vein, since the mid-1950s Sasol 
(South African Coal and Oil Company) has been developing, improving upon and commercialising 
CTL at large scale.  
Sasol, established in 1950, is the South African Energy and Chemical Company responsible for 
research, development, and commercialisation of high-value synthetic fuels technology. Due to 
economic and political pressures and self-sufficiency, Sasol expanded its CTL plants, and sustained 
the development of its processes in both CTL and GTL.12a To date, they continue to play a foremost 
part in the development of new plants in different countries, such as in Qatar (Shell and Exxon), 
Nigeria (Sasol-Chevron in Escravos), Egypt, etc. Others such as PetroSA and Shell have also 
commercially demonstrated the process, with Shell building major Fischer-Tropsch plants in 
Malaysia and Qatar.1 
The history of the process (Fischer-Tropsch synthesis) has followed the traditional stepwise 
developmental process typical of the sciences and engineering, which illustrates the closeness and 
intermingling of science and technological advances, to political and economic circumstances. Its 
initial acceptance was politically driven and synchronized with the highs and lows of petro-
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economics.23 Recently, however, attention on this technology is driven by security concerns over the 
environmental and energy sustainability, economic viability, and the desire of resource holders to 
monetise stranded gas reserves.9b, 14c, 24, 25  
The Fischer–Tropsch synthesis (FTS) process has now become a key component and the most 
important part of the gas-to-liquids (GTL) process technology.14a, c, d, 20a, b It is an industrially 
important heterogeneously catalysed but complex chemical reaction that converts synthesis gas 
(syngas) into a product distribution achieved using different feedstocks. Hence, it is a promising 
alternative to manufacture environmentally responsive fuels and chemicals from large coal reserves 
in addition to natural gas. It is the preferred route for the manufacture of chemicals besides clean 
synthetic liquid fuels from feedstocks, such as natural gas, biomass, coal, and carbonaceous waste. 
Hence, it has received a great deal of attention both in industry and academia.16, 18, 26, 27 
Although the Fischer–Tropsch process is of growing practical interest, there are still significant 
inquiries with regards to the control of activity and selectivity of the various transformations expected 
during the conversion of syngas to hydrocarbons or oxygenates. Specifically, until most recently, 
details of the reaction mechanism and relationships between catalytic activity, selectivity and catalyst 
composition and structure were not well known. Many researchers have conducted a vast amount of 
research in this area of catalyst development through modification of known active and new catalysts 
to achieve improved reactivity or selectivity.28 Some researchers have also worked on reactor types 
and design modifications, while others have focused on understanding the kinetics and mechanism 
of the FT reaction.1c, 16b, 20c, d, 28a, d, 29 However, few investigations have been performed on the 
morphological properties of the mesoporous metal oxide supports with the aim of optimising the 
production of specific products. 
The best type of reactor(s) and reacting system to be utilised is dependent on the reaction condition(s), 
the type of catalyst, and the distribution of the desired products. However, the fixed-bed reactor model 
still remains an attractive lab scale approach for molecular level manipulations, which is due to a high 
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catalyst loading per reactor volume, high output level, scale–up ease, and requires no separation 
between the products and the catalyst.31 
2.2.1 Key technical issues of the Fischer-Tropsch process during 
commercialisation 
As the world tries to move quickly in the XTL business, the focus for engineers and scientists would 
be on the key technical issues that are affecting the success and economy of an XTL plant. In general, 
the commercialisation of the Fischer-Tropsch technology experience the following limitations: 
limited selectivity for most important products (for instance, light alkenes, gasoline, or diesel) and 
high CH4 and CO2 selectivity; high capital cost; deactivation of the catalyst(s); less-than-optimum 
carbon in addition to thermal efficiency; and heat removal to effectively control the temperature of 
the catalyst bed due to the exothermic nature of the reaction.32 While the first two are usually 
attributed to research and development issues related to the catalyst, the others are credited to the 
design and operational strategies during the scaling-up of the Fischer-Tropsch technology. 
Other specific issues associated with the process include but are not limited to: economic feasibility 
(associated with productivity, CH4 selectivity, and lifespan of catalysts); the competitiveness of  
Fischer-Tropsch products in relation to other alternative energy carriers; appropriate feedstock for 
synfuel production; a cost-effective model for Fischer-Tropsch products utilisation; CO2 emission 
policy and key constraints for the Fischer-Tropsch process.32b,c 
2.2.2 Fischer-Tropsch Synthesis Reaction and Product Overview 
The traditional hydrogenation of carbon monoxide (CO) to produce hydrocarbons via  
the Fischer-Tropsch synthesis reaction is a key discovery that involves the application of 
heterogeneous catalysis.11, 21a The reaction characteristically occurs in the presence of iron (Fe), cobalt 
(Co), nickel (Ni) or ruthenium (Ru) as the active metal catalyst sustained on an inert oxide, for 
example, silica, titania, or alumina. More so, the reaction is sometimes promoted with alkali metal 
oxides to improve the catalytic performance. It relies on the potential of CO to substitute hydrogen 
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for oxygen if a suitable catalyst is present to yield products consisting of a multi-component mixture 
of liquid hydrocarbons as well as oxygenated products.22a, 26, 32c, 34, 35  
The Fischer-Tropsch products and product distribution are determined by feed syngas composition 
(CO/H2), operating conditions (temperature in addition to pressure), catalyst type, catalyst 
composition, and reactor structure.16b, 36 The products usually include terminal n-alkanes, n-alkenes, 
and branched alkanes and alkenes. Also, the oxygenates include linear aldehydes, alcohols, methyl 
ketones, carboxylic acids, and esters.11, 16b, 26c Fischer-Tropsch liquid products are then refined to a 
variety of clean (green) gasoline, aviation and diesel fuels by appropriate process conditions.  
The catalytic Fischer-Tropsch conversion into hydrocarbons is considered a surface-catalysed 
polymerization process where chain initiator CHx (x =1-3) monomers and water (H2O) are formed by 
the hydrogenation of adsorbed CO molecules on the surface of the transition metal. This is then 
propagated to yield hydrocarbons with a wide array of chain length and functionality, the objective 
of which is to produce higher molecular weight hydrocarbons that can be used for transport fuels.37 
Fischer-Tropsch synthesis product selectivity has been known to be strongly related to process 
conditions such as temperature, pressure, and H2/CO ratios. With temperature increase, the selectivity 
tends to shift towards lower carbon numbers for traditional catalysts (Ru, Fe, and Co), while pressure 
increase generally shifts the selectivity to higher carbon number products. In addition, an increase in 
H2/CO ratio yields light hydrocarbons and lower alkene content.
30d, 33a, 38c  
The Fischer-Tropsch reaction is highly exothermic, occurring under numerous physical phases in 
addition to the complex chemical composition environment. It has a slower kinetics than methanation, 
which is a parallel undesired reaction that occurs in the course of the synthesis. If the temperature is 
not effectively controlled, especially at high temperatures it leads to thermal runaway of the reaction 
whereby the methanation reaction dominates the desired polymerization reaction as a result of fast 
gas diffusion and rapid heating up of the local spots. In order to obtain high selectivity towards liquid 
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fuels in the product stream, the quantity of methane produced needs to be reduced, thereby 
correspondingly increasing the selectivity towards C5+ hydrocarbons.
38, 39 Consequently, performance 
targets for the process should aim at high CO conversion coupled with the selectivity towards desired 
products, and low CH4 selectivity, especially in a gas phase GTL process.
 
Generally, products with low methane and alcohol content, high alkane/alkene ratio, as well as high 
C5+ composition, are desired. This can be achieved by modification of the reactor, the catalyst, and/or 
the reaction condition(s) such that the reaction can be controlled.12, 40 Realistically, because carbon 
efficiency is directly linked to environmental impact, a high per-pass CO conversion is necessary to 
accomplish a convincing efficiency in a once-through Fischer-Tropsch process. The operation mode 
and the stoichiometry of the syngas feed for the process dictate the catalyst requirement and properties 
used.40 The structure-performance relationship has to be taken into account when developing and 
designing new catalytic systems. Achieved through the optimisation of materials and structure of the 
active metal catalyst and support to improve the process performance in order to yield high C5+ 
selectivity and less of CH4 and C2-C4 alkanes.
12, 23, 26c, 37a, 38c, d, 39 Hence, parametric studies that could 
shift the product distribution in Fischer-Tropsch synthesis to provide desired product selectivity is of 
interest for the rational design of catalytic systems and the overall processes.36, 39 
The foremost reactions describing the Fischer-Tropsch synthesis from syngas conversion to alkanes 
and alkenes can be summarised as follows: 1, 11, 12 
nCO + 2nH2 → CnH2n + nH2O 2.1 
 
nCO + (2n + 1)H2 → CnH(2n+2) + nH2O 2.2 
The reactions of formed oxygenate during the Fischer-Tropsch reaction is given by the equation: 
nCO + 2nH2 → CnH2n+2O + (n – 1)H2O 2.3 
Chapter 2. Literature         26 
26 
 
The reverse water gas shift (rWGS) equilibrium reaction that occurs in the presence of WGS active 
catalysts during the process to regulate the ratio of CO and hydrogen is expressed by the following 
equation: 
CO + H2O ↔ CO2 + H2 2.4 
Commercially, there are two main established Fischer-Tropsch (FT) synthesis processes: high 
temperature (HTFT) and low temperature (LTFT) processes. Depending on the desired products, 
either low or high temperature synthesis, iron and cobalt catalysts at pressure ranges of 10 – 60 bars 
are employed for the synthesis industrially.6a, 11, 12, 26, 41  
High-temperature mode (HTFT): Commonly carried out between 300 and 350 °C with the iron-based 
catalyst used primarily for the manufacture of alkanes, gasoline, and linear low molecular weight 
alkenes (with shorter chain molecules). Selectively produced in this mode are diesel cuts alongside a 
considerable amount of oxygenates.25, 34b 
Low-temperature mode (LTFT): The low reaction temperature process is typically carried out 
between 180 – 250 °C with either iron (Fe) or cobalt (Co) based catalysts, and is aimed at higher 
molecular weight hydrocarbons usually wax production.12, 14a, 26c, 42 The Fischer-Tropsch synthesis 
(FTS) low temperature mode is regarded as the most potential path for the manufacture of 
transportation fuels in addition to chemical feedstocks.31a, 43 In this case, the WGS reaction is believed 
to be slow, and more often than not, there is no equilibrium. Usually, supported cobalt catalysts are 
used owing to their good activity and hydrocarbon selectivity in the low-temperature FTS.25, 34a, 44 
2.2.3 Fischer-Tropsch Synthesis Reaction Mechanism 
The Fischer-Tropsch synthesis reaction products usually are not in thermodynamic equilibrium in 
relation to the carbon chain structures, molecular types, and possibly carbon number distribution.22a 
To develop from a starting material with only one carbon atom (CO) to hydrocarbons with varied 
chain length, to a certain extent requires a complicated succession of direct and complementary 
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reactions to occur. For all intents and purposes, however, it is a polymerization of C1 units. The 
question then arises, how does this occur on the catalytic metal surface?  
The reaction product distribution is therefore mostly dictated by the mechanism of the reaction, and 
the degree to which the primary reaction products are modified by successive reactions depending on 
the conditions and catalyst type.38c The CO conversion effect on product distribution is thus 
dependent on the respective extents of these secondary reactions (such as hydrogenation, reinsertion, 
cracking or hydrogenolysis and isomerization) on the primary alkenes.38c  
Some studies have shown that for traditional FT catalysts (Ru, Co and Fe) at typical Fischer-Tropsch 
conditions, the most significant secondary reaction is alkene re-adsorption and chain initiation, rather 
than hydrogenolysis or hydrogenation reactions.38c, 45 Thus, with increasing CO conversion, for Co 
and Ru based catalysts, CH4 selectivity, as well as alkene and alkane ratio, is expected to decrease 
while C5+ selectivity increases, due to enhanced re-adsorption and re-initiation (secondary reactions) 
of 1-alkenes at extended bed residence times.38c,46 Concerted efforts at explaining the Fischer–
Tropsch synthesis mechanism remains unresolved, until theoretical investigations explored the 
possible role of H-assisted CO dissociation on Fe and Co catalysts and other C–O cleavage reactions 
in the presence of H2.
12, 16, 17b, 39, 47 More so, surface scientists now have access to the devices and 
techniques that enable them to understand the intricate Fischer-Tropsch reaction mechanism.  
The Fischer–Tropsch synthesis reaction is believed to consist of an initial hydrogen-assisted 
dissociative chemisorption of CO on the active metal catalyst surface or dissociative adsorption to 
initiate the propagation step by forming single carbon atom CHx (x = 0-3) monomer intermediate(s) 
for polymerization.21c, 38a This is followed by the self-organizing hydrogenated CHx intermediates 
(surface-methylene species), through coupling between the CHx monomers, which provides CnHm 
intermediates, as the chain growth step. Finally, is desorption of CnHm intermediates from the surface, 
after undergoing hydrogenation or dehydrogenation to yield the alkanes or alkenes products in the 
chain termination step. The elementary step of the reaction mechanisms is believed to be characterised 
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by “–CH2–” as the key growth intermediate. It might occur in a complementary reaction with 
hydrogen atoms thus affecting the alkyl species (alkanes and alkenes) ratio, or insertion of CO to give 
aldehydes or alcohols in the product.16, 21, 48 
Since the product selectivity is largely dependent on the ability of a given catalyst to catalyse 
successive chain propagation against chain termination steps, the observed product distribution might 
reflect secondary reactions like alkene insertion and hydrogenation. To achieve the two major 
catalytic functions of CO bond activation and dissociation, as well as C–C and C–H bond formation; 
the Fischer-Tropsch process requires the catalyst to have sites characterised by low barriers for CO 
dissociation as well as sites with low barriers for C–C recombination. In the absence of such suitable 
sites, the apparent activation energy of the chain-growth reaction will increase with additional 
contributions.16, 48 
2.3 Activity, Selectivity and Fischer-Tropsch Product 
Distributions 
2.3.1 Particle and Pore Size Effects on Fischer–Tropsch Activity and Selectivity 
In a bid to develop a more active Fischer-Tropsch (FT) catalyst, efforts have been devoted towards 
understanding particle size and support effect on reaction activity.18, 19a, 48c, 49, 52 Understanding the 
impact of size reduction on intrinsic catalytic performance is of growing interest and remains a 
principal objective in nanocatalysis research both from fundamental and practical perspectives.35, 53a, 
54, 55-57 This is as a result of various molecular scale dynamics such as changes in electronic state, 
metal-support interaction, surface structure, as well as oxidation states, which is closely related to 
varying particle sizes. Nanoparticle size is critical in determining the catalytic properties and 
performance (activity and/or selectivity) of catalysts, which consequentially is of their increased 
surface-to-volume ratios and improved chemical potentials when compared to their bulk 
counterparts.53 This understanding makes it possible to rationally design catalysts for practical and 
specific purposes, bearing in mind the accessibility of the active sites.56  
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Studies on particle size effects, using traditional catalysts with a wide-ranging size distribution of the 
catalysts, have yielded different conclusions.49, 56, 58, 59 While some metal nano-sized effect in catalysis 
has shown structural-sensitivity (according to Goodman et al.),49, 60 others have proven to be 
structurally-insensitive (according to Boudart’s and Yates classification).49, 57a, b, 61 Since the Fischer-
Tropsch Synthesis reaction is a surface phenomenon, consequently, it implies that to achieve optimum 
catalyst performance, there is a need to maximise available reactive metal usage. 
As a dependable guideline in heterogeneous catalysis, a larger surface area is made available through 
smaller metal crystallites, thus, increasing the exposed surface area per unit mass of the metal for a 
reaction to take place.62, 63 However, there are reports that very small metal particles (below the 
threshold of roughly 7-10 nm) lead to less effective catalysts. This has led to the assumption that the 
Fischer-Tropsch synthesis reaction is structure insensitive.18, 19a, 39a, 64 Iglesia et al.,45a, b, 65, 66 
demonstrated the Fischer-Tropsch synthesis rates to be more or less independent on the support, but 
relative to the metal dispersion. The lower effectiveness of small Co particle size catalysts is attributed 
to inconsistency in the degree of reduction, as a direct impact of metal dispersion, chemical identity, 
and surface properties of the type of support.66 
Technically, in catalysis, the size of the metal particle(s) is managed by several parameters, which in 
turn plays a role in the catalytic performance of the catalysts.35, 54a, 63, 67 For example, the method of 
preparation, catalyst pre-treatment, dispersion, metal loading, nature of the support, and effect of the 
promoter(s), if any. These intricacies, coupled with heat and mass, transfer limitations within the 
porous supports, which make it difficult to directly establish a relationship between activity, 
selectivity and the particle size of the active metal.37a, 63 On the other hand, studies on nano-sized 
particles have demonstrated that the reduction in particle size of a catalyst could be essential for high  
Fischer-Tropsch synthesis activity.35, 54a, 55d, 67 Previously, particle size studies in the range of 10 to 
200 nm have shown that for some catalysts such as cobalt nanoparticles, the catalytic activity 
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decreases for smaller particles. This is unlike Ru-based catalysts that seem to be highly size dependent 
for smaller particles that are less than 10 nm.18, 17b, 21d 
With cobalt catalysts, Bartholomew and co-workers32c, 67c brought up the idea that under certain 
reaction conditions, FTS can be structure insensitive due to observed inconsistency with particle size 
effect. And that the performance (activity and selectivity) seems to be more directly related to the 
chemical nature of the support type rather than the metal dispersion. The specific site activity and 
molecular weight of products (hydrocarbons) were observed to have decreased considerably with 
increasing metal dispersion.63, 68 Barbier68b and Bezemer,18 however, observed that for particles 
smaller than 10 nm the activity and selectivity are sensitive to the metal particle size and changes 
continuously with a sharp drop in activity.18, 50, 63, 68 The propensity for smaller particles to readily 
oxidize more than the larger ones has been suggested to be responsible for the lower activity, however, 
this might not necessarily be the case.51a, 52a  
Borg et al.50, 63 have also highlighted the particle size effect on selectivity, whereas no relationship 
was found between activity and metal size. Some reports on the size dependence of Fischer-Tropsch 
synthesis activity and selectivity for iron and cobalt catalysts indicates that by increasing nanocluster 
size to 6–10 nm, there is a decrease in the alkene content. The increase also favours selectivity towards 
the fraction of linear C5+ hydrocarbons.
17b, 18, 19a, 38a, 44b, 50, 52a, b, 69 The degree of secondary reactions 
(like hydrogenation and double bond isomerization) has also been reported to be a function of the 
cobalt crystallite size clusters. This is attributed to the enhanced likelihood for re-adsorption of the 
formed primarily alkenes, which increases with increasing size of the cobalt cluster.70  
Some studies have also shown that by decreasing the catalyst particle size, Fischer-Tropsch synthesis 
reaction rates, as well as, CO and H2 conversion, increases and pass through a maximum. The carbon 
number of hydrocarbons formed was found to have decreased, while the aggregate mole fraction of 
the hydrocarbons produced alongside the chain growth probability, as well as the lighter hydrocarbon 
selectivity, increases with reduction in particle size of the catalyst.62a The assumption is that 
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increasing the particle size of the catalyst will lead to an increase in the average carbon number of 
products formed, thereby causing a break in the product distribution.35c,62a Furthermore, increasing 
catalyst size will also lead to the formation of lighter hydrocarbons as a result of reduced H2 
concentration on the surface of the catalyst. Hence the reduction of the particle size of catalyst will 
ensure that the concentration of monomer species on the catalyst surface is higher. Correspondingly, 
the aggregate mole fraction of the formed hydrocarbons alongside the chain growth probability is 
expected to increase when the particle size of the catalyst decreases.62a 
Amongst other things, support type and pore structure parameters (pore sizes, their distribution, pore 
volume and surface area) are believed to significantly influence the activity, selectivity and the 
product distribution of many catalysts in a number of reactions, especially in well-dispersed 
catalysts.12, 43a, 66, 68, 70, 71 This is because the porous structure of catalytic support(s) determine the 
ease with which reactants access the interior catalyst surface. Support and its porosity effect on 
activity and selectivity remain unclear because it’s a difficult study to embark on. An adequate 
understanding of the catalyst active metal particle size, and its relationship with the pore structure 
and support type could lead to the development of more improved, efficient and selective catalysts.66 
Small pores are believed to prevent the growth of large particles, resulting in small, hard to reduce 
metal particles (in the case of Co), and they tend to favour higher C5+ yields and lower methane 
selectivity. Although this effect is still under investigation, it is usually attributed to either particle 
size or diffusion effects.25  
Although, Iglesia et al.45a, b, 65 have shown Fischer-Tropsch reaction activity and selectivity to be 
proportional to metal dispersion and not quite dependent on the type of support. However, Reuel and 
Bartholomew68a have reported strong support effects with specific activity and turn over frequencies 
on their catalyst (cobalt metal) prepared by impregnation method. They found that the support plays 
a role to some extent in achieving high Fischer-Tropsch performance and influencing C5+ 
selectivity.38a, 66 They attributed the decrease in activity to increasing metal dispersion to either 
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surface structure changes as particle size decreases or to the electronic modifications due to more 
intimate interactions between the support and small crystallites. Their data showed much lower FT 
reaction rates on cobalt catalysts which are supported by narrow pore materials (i.e., narrow pores, 
containing smaller cobalt particles), therefore, indicating particle size effect of the catalysts on 
activity. The turnover rates, which were estimated from relative concentration(s) of cobalt metal 
phases, reaction rates, and dispersion for smaller particles, were also found to be lower than for larger 
particles.66 
In Fischer-Tropsch synthesis, another feature that may influence the activity and hydrocarbon 
selectivity of the catalyst is the nature of the support used, which is initially intended to play the role 
of dispersing the active phase. Structural promotion by using mesoporous metal oxides as supports 
requires intimate contact between metal and support components. This apparent chemical promotion 
enhances the activity per unit weight of the metals when the metals are adequately dispersed on the 
support material, thereby increasing the surface-to-volume ratio achieved by a decrease in metal 
particle size. More so, the porous structure of supports determines the size of metal/oxide particle that 
will be embedded on the support, hence, they can influence the performance of catalysts in various 
reactions due to the active metal and support interaction. A very weak interaction might lead to a poor 
dispersion and high reducibility, while a very strong interaction would result in low reduction degree 
of the active metal, of which both are not beneficial for CO conversion activity nor C5+ selectivity.
38a 
Thus, the efficient control of metal dispersion and how they are reduced in supported catalysts could 
possibly lead to the new design of metal supported catalysts with improved catalytic activity and 
selectivity.66 
Recent advancement in catalysis have also shown that by supporting metal particles on O-vacancy 
defect laden surfaces, associated with dissociated water, catalyst activity is improved. The defects 
area created by thermal treatment of metal oxides either in vacuum or reducing atmosphere. This 
defect is attributed to charge transfer and structural effects between the support and active metal 
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catalyst, often referred to as strong metal-support interaction effect.72 The surface reconstruction of 
the catalyst is owed to Type II bridging OH groups on the oxide surface through the dissociation of 
H2 on metal that spills over to the surface of the oxide.
73 The activity and selectivity of the catalyst is 
therefore tailored by the direction and extent of the charge transferred between the catalyst and 
support and the overall effect the shift would have on the electronic, steric and structural properties 
of the catalyst and support.72a The idea is that the defect laden surfaces with electron deficiency and 
the metal electron-rich metal (me0) will interact with and cause a reduction in the bond energy of 
reacting species, to facilitate hydrogenation. The defects of the support or surface coordination, 
generates steric effects that influences the reducibility of metal particles, promote the activity, 
selectivity towards some reactions as well as the stability of the catalysts.74 It is important to note that 
these ideas will also apply when the metal oxide support is itself a catalyst, where charge transfer 
induced cooperative effects may have synergistic or antagonistic effects on the resulting activity and 
selectivity pattern of the heterogeneous catalytic heterostructure. 
2.3.2 Fischer-Tropsch Synthesis Chain Growth and Product Distribution 
The application of Anderson-Schulz-Flory (ASF) equation for Fischer-Tropsch product distribution 
has to be approached with caution due to the deviations observed in many studies compared to the 
ideal ASF theory.28a, 30b, c, 46, 62a, 75 Despite this fact, it can give an insight into the mechanism, kinetics 
and selectivity of the Fischer-Tropsch hydrocarbon product mixture obtained experimentally. 
Therefore, a number of models can be used to determine the selectivity of the reaction products. Every 
proposed mechanism should be able to account for the “ideal ASF distribution model” (with a single 
α value) and the “non-ASF distribution model” (with double α values).34a Viewed and confirmed as 
a chain polymerization reaction, the capability of a catalyst to catalyse chain propagation versus 
termination steps in FTS determines the selectivity of hydrocarbon products. The inherent selectivity 
limitations of products in FTS generally follow the established Anderson-Schulz-Flory (ASF) 
distribution law.1, 6a, 9c, 10, 22a, b, 32c, 33a, 34a, 35e, 38, 75a, c, 76-79 Initially reported by Herington in 1946 and 
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rediscovered by Anderson in 1951, FTS is based on the assumption that hydrocarbon chains are 
formed in a stepwise polymerization process, independent of the carbon number, and could predict 
the fraction of product at each carbon number.35e, 65, 75c, 80 
Conventionally, the Fischer-Tropsch product distribution is represented mathematically by the 
expressions: 
Mn = (1 – α) αn-1 2.5 
or 
W/n = (1−α)2αn−1 2.6 
For convenience in application, the chain growth probability (α) is assumed to be independent of the 
carbon number, and the logarithmic form of the formula is more often used: 
Log Wn/n = nlogα + log (1- α)2/α 2.7 
Where n is the number of carbon atoms in the product; Mn, the mole fraction and W is the weight 
fraction of product comprising n carbon atoms; Wn is the mass percentage of the component with 
carbon number n, and α is the chain growth probability.  
The logarithmic plot of the mass fraction (equation. 2.7) vs n, gives a monotonic decrease (linear 
regression) in mass products in the order of; lower to higher molecular weight products, which is an 
indication of a step-growth polymerization (Anderson-Schulz-Flory reaction mechanism). The value 
‘α’ (chain growth probability), ranging from 0 to 1, is thus determined from the slope of the graph 
and describes the product selectivity.1, 6a, 32c, 33a, 35e, 38a, 65, 75, 77, 79a-d  
Since product selectivity is reliant on the α value, it, therefore, implies that a low value will tend 
towards selectivity of lighter hydrocarbon products, while a high value will tend towards selectivity 
of heavier hydrocarbon products. This, therefore, means that the target middle distillate products from 
gasoline and diesel range, (y), should have values in the range 0.5 < y < 1. These desired product 
ranges usually have maximum α values of about 0.76 (45%, C5–C11 hydrocarbon), 0.89 (30%, C12–
C20 hydrocarbons), and with α values > 0.90 applicable to heavy wax. In the literature, α values have 
been reported for ruthenium, cobalt, and iron catalysts in the range of 0.85-0.95, 0.80-0.95, and 0.50-
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0.70, respectively, with Ru and Co catalysts having higher values compared to Fe catalysts.26, 32a, c, 
38a, d, 77b, 81 However, α value as high as 0.94 has been observed for low temperature iron Fischer–
Tropsch synthesis catalysts yielding mainly wax products.82 For α values < 0.5, C2–C4 selectivity 
increases with a parallel decrease in selectivity towards methane at low temperatures. When α value 
increases beyond 0.5, methane, as well as C2–C4 selectivity’s are both subdued. Generally the alpha 
value can be influenced by a number of factors such as the catalyst type, promoter type and loading 
as well as process conditions.82 
Since product selectivity can be determined by α, it, therefore, follows that process dynamics (such 
as operating temperature and reactant partial pressures, promoter and catalyst type and support type 
and gas composition) affect product selectivity and inadvertently also affect α vis-à-vis the product 
distribution.30c, 75a, d An increasing temperature and H2/CO ratio yields a lower α value, which is a 
direct consequence of product desorption rate dominating the increased hydrogenation rate. This leads 
to increased chain termination to less hydrogenated products and oxygenates, as well as a substantial 
impact on the Fischer–Tropsch synthesis process efficiency.51, 75a, b, 77d, 82a On the other hand, 
increasing the operating pressures of the process will encourage adsorption of reactant to the catalyst, 
and promote secondary reactions, thereby increasing the observed α-value. An increase in the α value 
thus corresponds to a concomitant decrease in H2/CO ratio, reaction temperature, and increasing 
pressure. 
In conclusion, in the absence of mass transfer limitations, an “ideal” ASF distribution, which is 
characterised by a single chain growth probability (α), should be expected. In order to obtain this 
“ideal” ASF distribution, the process parameters, therefore, have to be kept constant in the immediate 
environment of all catalytic sites. This is usually attained at steady state equilibrium, thus making the 
experimental determination of α somewhat arbitrary.30c, 32c, 75b, 77d, 82a 
If the range of the assumed growth factors, α, is small, a single α can adequately describe the 
distribution of the products, thus indicating little and negligible deviations from the ideal ASF 
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distribution. On the other hand, if it is large, the ASF plot would exhibit increasing curvature due to 
the positive deviations with the assumed α range instead of the straight line, and the product 
distributions can then be defined by the double α method.75a, b Therefore, whatever model is used, it 
should afford faster evaluation of different catalysts, supports, and reaction operating conditions with 
respect to the selectivity of products, as well as give some insight regarding the mechanism 
responsible for product formation.6a, 32a, c, 77d, 78 
Bearing all these in mind, in order to maximise a particular product range in the Fischer-Tropsch 
synthesis reaction, a catalytic system with selectivity toward high α values is desired. To possibly 
achieve this feat within the constraints of ASF kinetics, researchers have to cautiously design the FT 
catalyst of choice by using adequate support, promoters, as well as the right process conditions.26, 32a, 
c, 38a, d, 81, 82a This will allow the catalyst(s) to increase hydrogenation rate at lower process operating 
temperature with improved selectivity towards the higher alkanes.82a 
Although the ideal ASF distribution law is anticipated in the course of the FT reaction to provide a 
reasonable description of Fischer–Tropsch synthesis products spectrum, it is usually not observed in 
practice despite its mathematical simplicity. Researchers usually observe deviations in the product 
distribution for iron, cobalt and ruthenium catalysts due to the inherent limitation of the Anderson–
Schulz–Flory (ASF) rules. These significant deviations of observed experimental results include:9c, 
16b, 28a, e, 30, 34a, 35e, 38a, d, 39, 40, 45c, 46, 62a, 75a, b, 76, 77, 83-92  
- higher methane yield than predicted, as it is formed via numerous routes, 
- a lower yield of C2 hydrocarbons than predicted can start or initiate chain growth and can be 
incorporated into growing chains, 
- a “concave curve” in the distribution above C8 believed to be a result of two linear ASF 
distributions,  
- the chain length dependence of distribution due to a chain growth probability increase with 
respect to molecular size, and  
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- generally, sometimes both lower and higher heavier hydrocarbon fraction than predicted. 
There is also the assumption that Fischer-Tropsch synthesis might not be an ‘ideal’ polymerization 
reaction, as presumed in the ASF model, because the monomer for propagation is formed on the 
catalyst surface in situ, unlike an ideal polymerization reaction. This, coupled with the chain length 
dependency, rates of surface reactions, as well as secondary reactions of primary products, influences 
the entire product distribution.9c 
A modified Anderson-Schulz-Flory (ASF) distribution was therefore developed, based on the 
supposition of two ASF distributions, utilising two chain growth probabilities (α1, and α2) to better 
match the observed performance. Using more than two α will bring in excessive complication because 
the model parameters themselves are not self-dependent and prone to errors.7b, 9c, 30c, 82 Often depicted 
as the “non-ASF product distribution”, initially proposed by Donelly,76 it is based on the assumption 
of two ASF distributions: a break in the product distribution curve, and hydrocarbons having carbon 
numbers (n) > 2.28a, 30, 35e, 62a, 75, 76, 77a, 78a, 93  
Still a disputed topic, the reason for these deviations from ASF product distribution law has been 
attributed to a number of factors.35e, 3, 85a Ranging from experimental flaw, synthesis chemistry, two 
or more chain growth mechanisms for hydrocarbons and oxygenates), especially for iron and cobalt 
catalysts, to several structured active sites on the catalyst surface.7b, 16b, 28a, e, 30, 46, 75c, d, 76, 77a, 89, 90b, 91a, 
92d, e However, the general assumption on this supposition theory, especially for Ru catalysts, is based 
on the occurrence of a negligible secondary chain growth caused by the re-adsorption and insertion 
of alkene, attributed to solubility, diffusivity, and physisorption. As well as other secondary reactions 
(such as, isomerization, hydrogenation, and hydrogenolysis).7b, 9c, 16b, 28a, 30c, 35e, 46, 75d, 77a, 88b, 92b, c 
Gradients in process variables (temperature, pressure) are also believed to play a part in changing the 
chain growth probability (α), hence the curved distribution observed.9c, 30c, 35e, 62a, 75c, d, 77a However, 
due to negligible secondary chain growth of re-adsorbed 1-alkenes, the ASF distribution supposition 
model is strict for Fe catalysts.30c 
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In an attempt to get around the inherent limitation of the ASF product distribution law and selectively 
obtain a specific product range,38a efforts were geared towards the design of catalysts utilising metal 
nanoparticles, shape selective supports and bifunctional catalysts. Even running reactions at unsteady 
state have been used to improve on product selectivity beyond ASF theory predictions.32c, 70b, 79e, 81, 86 
Studies on this supposition theory, when applied to observed products of the FT reaction, have been 
found to be firm, especially for iron and cobalt catalysts.7b, 28a, 30c, 35e, 62a, 75c, d Observed results point 
towards the dependence of α1 and α2 on catalyst properties and reaction process 
variables/conditions.9c, 35g The model shows that deviations from ASF law decreased with a decrease 
in particle size, increasing H2/CO ratio and diminishing order of promoter basicity.
9c, 35e, 94  
As reported in the literature, increasing the Fischer–Tropsch synthesis reaction temperature brings 
about a slight decrease in α1 and α2 values as well as the rate of formation of heavier products.35e, 89 
At high temperatures, the mobility of the hydrocarbon chains on catalysts’ surface is elevated and 
leads to increased vibrations of growing chains on the catalyst surface and causes the hydrocarbons 
to be desorbed more rapidly. Thus, this indicates the high dependence of the average carbon number 
and chain growth (α1 and α2) on the reaction temperature.35, 62a  
Patzlaff et al.30c reported that the distribution, typified with α1 is essentially developed by monomers 
with a higher degree of hydrogenation in comparison to those credited with α2. Thus, CH2 is seen as 
C1 intermediate, which is responsible for the distribution of growth probability α1. While, α2 chain 
growth probability will be seen to have developed due to monomers other than CH2 species, with a 
lower degree of hydrogenation. Hence, if hydrogen is highly concentrated on the catalyst surface, 
monomer concentration with higher hydrogenation degree would increase, thereby increasing α1 
chain growth probability. Consequently, higher molecular weight products with associated chain 
growth probability (α2) are decreased by increasing the H2 partial pressures.35e, 62a 
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Some results reported in the literature also revealed that the reduction of the catalyst particle size to 
the nanoscale brought about a decrease in α1 and α2 values, the average carbon number of products, 
and heavier hydrocarbon selectivity.35e, 62a However, in line with Patzlaff’s explanation, with a 
decrease in catalyst particle size, α2 chain growth probability would decrease while α1 chain growth 
probability would increase. Obviously, the reduction in size made available higher surface area; hence 
a larger quantity of H2 is adsorbed on the nano-sized catalyst. The increased H2 concentration on the 
catalyst surface thus leads to enhanced concentration of the monomers with a higher degree of 
hydrogenation, thereby increasing the α1 chain growth probability.35e, 62a 
The ideal ASF distribution theory is well established for ruthenium catalysed FTS reaction, with the 
chain initiators, considered principally to be 1-alkenes. A chain growth probability (α) value as high 
as 0.94-0.95 for the non-ideal product distribution has been observed on Ru catalysts in fixed bed 
experiments.30c, 46, 65, 75b It is believed that water inhibits the hydrogenation of the alkenes, which leads 
to heavy alkene termination probability approaching zero.75b The alkene transport rates decrease as 
molecular size increases due to re-adsorption which inadvertently increases the chain growth 
probability, leading to a decreased alkene to alkane ratio. Thus, on Ru catalysts, α (chain growth 
probability) values tend to increase with chain length increase. Iglesia and colleagues46, 65 also showed 
that the synthesis of high molecular weight hydrocarbons is not dependent on Ru particle dispersion 
or on the chemical identity of the metal oxide support.  
A low α value of 0.52 has been reported on cobalt catalysts for hydrocarbons formation. The chain 
length distribution of products is not only modified by secondary chain growth of re-adsorbed 
alkenes, however, but hydrocarbon hydrogenolysis has also been found to play a role as well.30c With 
Fe catalysts, α values as low as 0.45 were reported.30c In a fixed bed reactor, ideal ASF distribution 
with a low α value of 0.65 was reported for unpromoted iron, but alkali promotion provided a higher 
α-value. It was found that the product on unalkalized sites was 61%, while that of alkalized sites was 
39%, but with α values of 0.57 and 0.87, respectively.75b Utilising the double α “non-ideal” model, 
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the product distribution had growth probability values in the range of α1, 0.6–0.7 and α2, 0.89–0.93.30a, 
75b, 95 Literature has also reported lower values for continuous stirred tank reactor (CSTR) over 
unpromoted Fe non-ideal ASF product distributions involving two α’s (α1, 0.53 and α2, 0.66).75b, 89 
In an attempt to demystify the double alpha problem, researcher have conducted using H2-D2 
switching technique to clear up residual heavier hydrocarbons held up in catalyst pores and reactors, 
leaving only freshly produced FT products from the reaction. The product distribution thus obtained 
showed a single alpha values, and concluded that the deviations in the Flory distribution resulting in 
the double alpha values is mainly due to accumulated products in the reactor and not as a result of the 
nature of the FT reaction. The accumulation is as a result of long residence time of the heavier 
hydrocarbons, due to vapour liquid equilibrium effects.96 
2.3.3 The role of dispersion in Fischer-Tropsch Synthesis 
The Fischer-Tropsch synthesis process involves catalyst activation by exposure to a reducing 
atmosphere prior to the actual reaction. The reduced site(s) is crucial for the dissociative H2 and CO 
adsorption on the active metal for FTS. The degree of reduction is a significant parameter for 
maximising FTS productivity (TOF) because of the inactivity of unreduced catalyst at the FTS 
process conditions.97 As a result, there is a need for characterisation by chemisorption, which provides 
significant first-hand information regarding the number of surface active sites, and which is crucial 
in the explanation of catalytic performance for FT catalysts. The activation of molecules in the 
Fischer-Tropsch catalytic process is directly related to chemisorption because dispersion, metal 
loading, reducibility and support can influence the stoichiometry of H2 and CO adsorptions on the 
active metal.12, 68, 98 
On active metal surfaces in the FT synthesis, adsorbed chemisorbed hydrogen, which has a high 
surface mobility, is favoured by threefold hollow sites: Ru (001), Co (0001), Fe (110), and Ni (111).99 
Subsurface hydrogen is somewhat less stable compared to hydrogen adsorbed at the metal surface, as 
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such is not considered to play a significant role in the FT synthesis. As a result, the assumption is that 
chemisorbed (mono-atomic) hydrogen is responsible for reaction with the other surface species taking 
part in the FT synthesis.99a, b Their high mobility suggests that their adsorption and consumption to 
form organic surface species, likely occurs at different sites and spills over to another surrounding 
metal crystallite, which aids the mechanism of the synthesis.99a, e Consequently, chemisorbed H2 
molecules can play a major role in the reaction mechanism at typical FTS operating conditions. Thus, 
making it possible to predict catalyst productivity directly from metal dispersion values that is 
measured by hydrogen chemisorption. Therefore, the high dispersion for a heterogeneous catalyst is 
absolutely necessary for advancing an effective reaction between the reacting species.37a, 100 
For Ru supported catalysts, H2 chemisorption is usually applied due to the entrenched stoichiometry 
(H/Rus = 1). More so, the stoichiometry is independent of Ru particle size as long as equilibrium is 
established, and only the amount of irreversibly chemisorbed gas is considered.101 It takes roughly 
between 1 – 2 hrs to attain chemisorption equilibrium (4 – 24 hrs, at room temperature and low 
pressures), but much less (5-10 min) at temperature of 60–100 °C.101a, b, d, 102 The use of CO to 
determine the dispersion101a, b, 103 has been questioned because of its tendency to form multiple 
adsorption bonds, depending on the surface morphology of the catalyst. There is also the assumption 
of a possible corrosive adsorption of CO on the ruthenium metal (leading to Ru0 oxidation), and the 
disruption of Ru–Ru bonds in the metal clusters (which increases the dispersion of ruthenium).104 In 
contrast to H2 and CO, the stoichiometry (O/Rus) for O2 adsorption is more complex and varies with 
Ru particle size with proposed surface stoichiometry values of ½, 1 or 2.101a, 104a, 105 For cobalt FT 
supported catalysts, the use of the static hydrogen chemisorption method to measure cobalt dispersion 
has been suggested as a more reliable approach because it measures the total H2 uptake (both 
reversible and irreversible) at temperatures of maximum hydrogen chemisorption.12, 106 
Chapter 2. Literature         42 
42 
 
2.4 Fischer-Tropsch Catalyst Complexity 
The role of catalysis in the industry cannot be overemphasized. It contributes to economic success by 
improving on operating conditions, while focusing on environmental sustainability. It also lowers the 
operating costs due to facile separation, especially in heterogeneous catalysis.107 More so, the catalyst 
ability to lower temperatures and shorten reaction times (which reduces energy requirements and 
waste generated), makes it a critical tool for sustainability in the industry.108 Hence, the vast amount 
of research and developmental efforts in literature is devoted to catalyst improvement in terms of 
particles size, structure and compositions. These improvements are carried out utilising new 
material(s) as well as “state of the art” characterisation gears to accomplish set objectives.14c, 37a, 38d, 
83, 108b The aim of these studies on nanostructured materials is to build an understanding of the 
complex systems at the atomic and molecular level, such that nanoscale phenomena can be exploited 
to successfully design new heterogeneous catalytic system for a more efficient and sustainable 
process.24, 49, 83, 108b 
The conversion reactions associated with the Fischer-Tropsch process since its discovery in the 1920s 
are usually catalysed by traditional Fischer-Tropsch catalysts, which comprise an active metal or 
metal carbide of the transition metal elements.33b The following have been used for this conversion: 
Iron (Fe), cobalt (Co), and occasionally ruthenium (Ru) generally supported on oxides (for example 
silica or alumina). Despite being the most active catalyst, Ru which produces long chain hydrocarbons 
even at low reaction temperatures is not used commercially due to its high cost. As such, the industrial 
catalysts of choice have been iron and cobalt based.26c, 41  
The iron-based catalyst is most commonly used because it is less expensive, effective under different 
process conditions (temperatures, pressures, and H2/CO ratio), and more suitable for H2 deficient 
syngas sources where advantage is taken of its high water–gas shift activity.109 Its flaw, however, 
includes low alkane selectivity even at high conversion, the tendency to form more of alkenes and 
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oxygenates, and easily gets deactivated due to carbon deposition, coking, and carbide formation.12, 
21a, 41, 80 
However, the cobalt-based catalyst is preferred particularly for low temperature application because 
of high activity and selectivity in the process condition for linear and long-chain alkanes. The cobalt 
based catalyst is resistant to deactivation, has low water gas shift activity, and has low selectivity to 
olefins and oxygenates.21a, 90a 
The activity of Fischer-Tropsch catalysts is dependent on its ability to dissociatively adsorb CO, 
possessing H2 adsorption capability as well as other components (metal oxide) reducibility.
6a,41,110 
Catalyst performance (activity and hydrocarbon selectivity) therefore depends to a great deal on the 
degree of interaction amongst the active metal particles and support, and the density of surface active 
sites, dispersion and reducibility.21a, b, 83 The appropriate choice of reaction condition(s), specifically 
the pressure and temperature of the reaction environment, plays a vital role in the transportation of 
reacting species to the gas-liquid interface, as well as adsorption, diffusion (both internal and 
external), chemical reaction, and desorption of the product. This, in turn, directly or indirectly affects 
the conversion of syngas and α-value in the synthesis process by affecting the thermophysical 
characteristics of the catalysts.11, 111 
Since process economics requires that a catalyst increases the rate of the desired reaction, catalysis 
can, therefore, play a significant sustainable developmental role for the Fischer–Tropsch process 
industry to tackle specific issues associated with the process development. A new hybrid catalyst 
system which can accomplish high conversion efficiencies and minimise side reactions, while 
utilising H2-deficient and CO2-rich syngas feeds would be an added advantage to the Fischer–Tropsch 
synthesis process. It, therefore, follows that to develop a more active catalyst with good quality 
control over the metal dispersion, surface area, and promotion, logically the rational would be to 
enhance the metal dispersion on the support. This can be achieved through decreasing the average 
size of the particle(s) in order to maximise the reactivity of atoms due to an increase in the surface-
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specific (high surface/volume ratio) activity and turnover frequency (TOF), especially for the Group 
VIII metals.57 This was pioneered by the groups of Bartholomew68a and Yermakov112 in the 1980s, 
followed by the works of Iglesia and co-workers.37a, 65 It is due to the fact that the highest probable 
activity per unit catalyst volume maximises the volumetric productivity (production rate per unit 
reactor volume) of the Fischer-Tropsch reactor.  
A number of process parameters (including pressure, temperature, the ratio of H2/CO in the reactor 
feed, gas flow rate, and catalyst promotion) affect Fischer–Tropsch synthesis performance and 
generally the carbon number distribution of the products.16b, 26, 33a, 34b The calcination temperature of 
a catalyst may also affect the catalyst performance, depending on metal precursor and loading, and 
support type, especially with cobalt. This is due to low dispersity of the metal on the support material 
and the formation of stable and hard to reduce silicates/aluminates with SiO2 and Al2O3 supports. 
Hence, the amount of cobalt diffusing into the various support lattice for effective dispersity of the 
metal on the support is at a minimum.113 Reaction temperature increase in Fischer–Tropsch synthesis 
is known to increase catalytic activity, methane selectivity and decreases heavy product selectivity as 
well as the alcohol content of syncrude for high temperature processes.33a,16b,103,114 Increasing the 
reaction pressure generally increases oxygenate selectivity as well as the production rate at high 
syngas space velocities.33a, 34b, 115 The nature of the active metal catalyst of choice, the tailoring of the 
catalyst pore structures, compositions and active sites is imperative because of its implication on the 
overall activity, selectivity, stability and cost of the process. Some researchers have identified a 
correlation between particle size and site-time yield (or turn over frequency), indicating that Fischer–
Tropsch reaction rate is proportional to metal dispersion.15a, b, 34b, 37a, 46, 68, 112, 115a, b 
Catalyst optimisation development usually focuses on chemical modifications, that is, promoters, 
additives, pre-treatments and metal dispersion, preparation methods, and type of support. This, in 
turn, affects interception of intermediates, secondary reactions, and the limitation of chain growth by 
means of shape selectivity.32c 
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2.4.1 Metal nanoparticles in Catalysis 
Considerable advancement has been made on the development of more active and selective catalysts, 
leading to the design of smaller (nano) particle size catalysts with lower heat and mass transfer 
resistance, and with higher volumetric activity.16b, 35 Nanoparticle catalytic properties are very 
sensitive to size, size distribution, and metal−support interactions. They benefit high activity owing 
to their large surface area, and the method of preparation, which shapes their physical properties, 
hence the performance of the catalysts, which is also vital.35, 54, 67a, b, 71 Therefore, switching to 
nanoparticles allows for a better exploitation and control of the catalytic capabilities (such as 
selectivity and turnover rates) of a heterogeneous catalyst because of the molecular level tailoring of 
their active sites and surface structures.21a, 49, 58, 67b, 116 Recent interest in the catalytic performance 
dependence of metal particle size is due to increased knowledge of atomic ordering at the catalytic 
surfaces. Nanoparticles can also bring the substantial advantage in understanding the role support 
plays in Fischer–Tropsch chemistry. Metal nanoparticles can be synthesised independently before 
subsequently incorporating them into the support material.117, 118 
Metal nanoparticles are nearly monodispersed isolable particles which are usually between 1 and  
50 nm in diameter. Metal nanoparticles were initially known for their pigmentation effect and are 
prevented from agglomerating by protecting shells,117 but have attracted substantial fundamental and 
practical interest in many fields. This is as a result of the unusual unique physical and chemical 
properties they exhibit at the nanoscale, which is absent in the bulk phase, due to the surface or 
quantum size effect.117b, 119, 120 Their characteristic size, electronic structure and properties earned 
them a fundamental and applied research application in various fields such as optical, biochemistry, 
magnetism, fuel cells and electronics industry, a chemical sensor, and other device applications.117, 
118b, c, 120-123 
An important application for transition-metal nanoparticles is in catalysis, where they are seen as an 
appropriate candidate to design catalysts with exceeding selectivity and activity.62d, 118c, 124, 125-129 As 
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catalysts, metal nanoparticles exhibit great potential due to the large surface area they offer and the 
ability to be positioned in the support pore. This essentially hinders the ability to reorder themselves 
and agglomerate, as is the case with bulk unsupported particles. Thereby confining their electrons to 
very small spaces, thus giving rise to quantum size effects.71a, 117b There is a substantial amount of 
research on these materials over the years, resulting in their use in an array of reactions such as 
hydrogenation, oxidation and other reactions, which can be catalysed by nanoparticles deposited on 
a heterogeneous support.65, 71a, 117, 118e, 119b 125b, 126a, 130 
Initially obtained by ‘top-down’ methods, the different ‘bottom-up’ approach developed over the 
years opened up the nanoparticle catalytic field of research (see Figure 1). Considerable progress has 
been made using different experimental methods/techniques to synthesise these controllable colloids 
of metal nanoparticles by different groups.117c, d, 123e, 124a, 131 A number of metallic nanoparticles that 
have been produced using these methods, and they have shown considerable satisfactory catalytic 
activity.128a,132 These include nanoparticles of gold, silver, platinum, palladium, rhodium, cobalt, and 
ruthenium, which has been identified as an attractive Fischer–Tropsch catalyst. There are a number 
of publications on the synthesis of these metal nanoparticles, covering wide-ranging interest, focus, 
and applications.117c, d, 118c, 120, 121b, 122, 124a, 129c, 130c, 131-134 
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Figure 1. Schematic illustration of metal nanoparticle preparation methods.130c  
 
Generally, no matter the method used to synthesise the nanoparticles, it should culminate in facile 
deposition of “metallic precipitates” of a predetermined size, shape, structure, and composition.117b, 
119b The techniques developed for the preparation of metal nanoparticles typically includes the 
reduction of the corresponding metal salts to produce zero valent metal colloids in aqueous or organic 
media.71a This salt reduction of transition metals can either be a chemical, electrochemical or 
photochemical reduction. The controlled decomposition of meta-stable organometallic compounds, 
either thermally or photochemically; ligand reduction and displacement from organometallics; metal 
vapour synthesis/deposition or electrochemical synthesis pathways have been used for the synthesis 
of the nanoparticles. Other methods such as atomic layer deposition, electrodeposition and/or 
sputtering can also be employed in the synthesis of these nanoparticles.119a, 121, 131, 135, 136 
Amongst the variety of techniques used to synthesise nano-sized metal particles, the wet chemical 
reduction of the corresponding metal salts method is more fashionable due to its simplicity, 
reproducibility, and low cost, for the most part.117, 121b, 130c The chemical reduction of metal salts to 
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produce zero valent metal colloids with the aid of an appropriate reducing and protecting agents is 
preferred, owing to the controllability of particle shape and size.117c, d, 121b, 137 
The reduction of metal salt to obtain nanoparticles was first published by Faraday in 1857137 and 
further developed by the likes of Turkevich138 and Bönnemann,125b who reported precipitate of 
NR4
+X--stabilised nanoclusters that are active as heterogeneous catalysts.119a, 130c Turkevich also 
proposed the stepwise formation of nanoparticles based on nucleation, growth, and agglomeration 
mechanism. The use of very strong reducing agents generates smaller nuclei, which grow to yield 
colloidal metal particle(s) in the range of 1 – 50 nm, having a narrow size distribution.139 Hydrazine, 
hydroxylamine, and BH
4
– have found to be useful as a reducing reagent for the synthesis of the very 
small metal nanoparticle (that is, around 1 – 2 nm). The resulting size of a metal colloid after synthesis 
is determined by the relative rate(s) of nucleation and particle growth, which is directly linked to the 
type of stabilisers and protective agents employed in the synthesis. Generally, the interaction between 
the polymeric stabilisers and nanocatalyst is critical in achieving high efficiency of the catalysts and 
catalytic systems.71b, 140 If it’s too strong, the catalytic activity becomes low; however, if the 
interaction is very weak, then it will fail to stabilise the nanoparticles.140c 
Chemical reduction technique employs different stabilisers such as polymers, ligands, surfactants, 
ionic liquids, and dendrimers, to manage and direct the growth of the initially formed nanoparticles 
(see Figure 2).107, 117c, d, 124a, 128a, 141, 142 Nanoparticles stabilised by polymers might find limited 
application in some chemical or physical applications, hence the reason for the introduction of ligands 
by Schmid141d, 143 which usually prevents the particles from coalescing.117c, d, 144 Their overall stability 
is dependent on the efficiency of the interactions, between the stabiliser and the NP surface, and also 
between the ligand spheres of adjacent particles. The organic ligands introduce factual metal-ligand 
chemical bonds that guarantee electronic and sometimes steric (organic) stability and protection of 
the particles due to repulsive and attractive electrostatic forces.117, 121b, 145 The protecting shell is 
removed by washing with an appropriate solvent or by decomposition at high temperatures in an inert 
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atmosphere, during the calcination step. Nanoclusters are only kinetically stable (metastable); hence 
protective agents are essential to stabilising the metal nanoparticles thereby preventing 
agglomeration.117, 121b, 131, 146  
 
Figure 2. Metal nanoparticles stabilization by (a) polymers, (b) ligand, and (c) micelles.107a  
 
In general, the synthesis of metal nanoparticles using alcohol reduction process as developed by Hirai 
and Toshima130c, 146 can be used for the salts of the metals in groups 4 to 11 of the periodic table. The 
alcohol reduction process produces astonishingly stable metal colloids, which are easily isolated as 
dry powders with a nearly uniform distribution of the particle size, and it is very suitable for bulk 
preparations since it’s easy to scale up.15a, b, 107, 117, 147 
Supported metal nanoparticles or rather nanocatalysts have found fundamental and industrial 
applications in a number of existing and newer sustainable processes.17a, 147b, 148 It can be called a 
nanocatalyst, because it has at least one nanoscale dimension (either externally or internally, structure 
wise), or subjected to a structural modification at the nanoscale level to improve on its catalytic 
activity.61 To create stability for effective catalytic activity, the nanoparticles have to be uniformly 
and homogeneously dispersed or distributed on a support. If the particles are close together, this may 
lead to increased deactivation due to agglomeration.121b To overcome this, the nanoparticles are 
immobilised on porous host materials (micro/mesoporous matrix) that have the potential of 
maintaining their uniform high dispersion and provide better morphological based control. The 
particles have to be adsorbed on the support material during immobilisation to avoid cluster 
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aggregation, which in turn, moderates catalyst deactivation, and should be easily separated from the 
reaction products.117b, 118b, 132, 143a, 147, 149 The crystal growth can be restrained by the nature of the 
chemical interaction between the nanoparticles (in terms of size and composition), and the tuning 
properties of the support cavity (which, determines material organization and confinement inside the 
pores).147 
Nanocatalysts are often prepared by deposition of the metal active phase (that is, nanoparticle) on 
either the microporous or mesoporous molecular sieves through various methods. The methods 
include impregnation, precipitation, co-precipitation, deposition-precipitation, sol-gel, chemical 
vapour deposition, etc.23, 123g, 150 Each of these has specific advantages over the other with respect to 
the individual metal that is employed in the catalyst preparation and its distribution on the desired 
support.12 The stability of the nanoparticles and its uniform dispersion over support material is 
essential to achieve the synthesis of a uniformly distributed nanocatalyst. In addition to dispersing the 
active small metallic particles in these systems, the support also stabilises and improves the metal-
support interaction, which, in turn, guarantees and promotes good catalytic activity/performance.121b, 
137 
2.4.2 Ruthenium nanoparticles 
In a bid to bridge heterogeneous and homogeneous catalysis, nanoscale metal particles particularly 
platinum group metals, have been given a renewed attention in catalysis.118a-d, 133b Among the 
platinum group metals, ruthenium is acknowledged as an important, useful and attractive catalyst, 
with a very important technological role for a number of reactions and redox processes.56, 71b, 118a, 121, 
122b, 151 Although, previously its main disadvantage was in its high cost; it rather has a lower 
susceptibility to poisoning by H2O and CO, coupled with a wide range of oxidation states and various 
coordination geometries. Like other metal nanoparticles, the catalytic activity (efficiency per-atom) 
typically increases with a corresponding decrease in the size of the metal particles.32c, 61, 121 As a metal 
of choice, naturally it follows that there will be enormous interest and investigation into ruthenium 
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nanoparticles synthesis, catalytic properties and its various applications in catalysis. Renowned for 
their catalytic activity ruthenium metal nanoparticles are widely employed in ammonia 
decomposition/synthesis.119a, c, 145, 152 They have found use in the selective hydrogenation of carbonyl 
groups, C-C double bonds to hydroxyl groups, CO oxidation, partial hydrogenation of aromatic 
compounds, and electrocatalyst for fuel cell applications.49, 56, 118a, 119a, 153  
Uniformly distributed stable ruthenium nanoparticles have been successfully synthesised by the 
reduction of the precursor (ruthenium trichloride, RuCl3) to Ru
0, in the presence of reducing agents 
despite the relatively high redox potential of RuCl3.
117a, 119a, 120c, 154 The ‘alcohol reduction process’, 
using pure alcohols alongside reducing and stabilising agents is employed for the synthesis. This is 
due to the weak interactions with the metal surface in the case of the alcohol, and generally their 
solubility, viscosity, hygroscopicity, strong bonding, colloid protection abilities, and high 
physiological compatibility.119a, 133b, 155 Stabilising agents such as polyvinylpyrrolidone (PVP), poly-
methyl-vinyl-ether, dendrimers, sodium acetate, polyvinyl alcohol (PVA), and organic ligands are 
employed for steric or electrostatic stabilisation of the nanoparticles (see Figure 3). Sodium 
borohydride (NaBH4), hydrazine, organoboride, hydroxylamine, polyols (glycol) have been used as 
a reagent for the salt reduction.117, 118a, e, 120, 121, 133b, 154b  
 
Figure 3. Stabilization of metal colloids, (a) Electrostatic and (b) steric.117b  
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Numerous literature has reported the synthesis and catalytic activity of Ru nanoparticles (shown in 
Figure 4) as a model catalyst on supporting materials (such as TiO2, SiO2, MgO, SBA-15, etc.) to 
maintain their dispersion.119a, 151b, 153b, 156 These catalysts are highly efficient in an assortment of 
reactions and are not limited to Fischer-Tropsch synthesis, ammonia synthesis, hydrolysis and 
selective hydrogenation.30d, 33a, 38b, c, 45a, 89, 91a 
Supported Ru catalysts have proven to be an outstanding Fischer–Tropsch synthesis catalyst, with 
high activity, chain growth probability, and selectivity of over 90% for C5+ hydrocarbons at very low 
temperatures (100 °C). The promoting functionality, for Ru, promoted cobalt catalyst, does not only 
increase activity, and selectivity towards C5+ hydrocarbons, but the selectivity towards CO2 is not 
significantly altered.94, 157  
  
Figure 4. Transmission electron microscopy (TEM) image of Ru nanoparticles (a) dm = 2.1 nm  
(b) dm = 2.8 nm,56 (c) dm = 4 nm).155b  
 
2.5 Mesoporous materials in catalysis 
Although the role of TiO2, Al2O3, ZrO2 and SiO2 as supports for nanoparticles is well-known, there 
is a large interest in the need to develop new supports that can better influence catalytic activity for 
Fischer–Tropsch synthesis.20b, 38d, 109, 158, 159 An interesting promising material that can play this role 
is the ordered mesoporous materials (OMMs). The reason they achieved this growing consideration 
is that they possess a large surface area, narrow pore size distribution and a tuneable pore size. 
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Depending on the porous material, the surface areas can sometimes attain values equal to several 
thousand square meters per gram.160-162 
Mesoporous materials, as characterized by IUPAC classification,163 are materials having pore(s) of 
free cross-sectional diameters within the scope of between 2 – 50 nm.164 They are of tremendous 
significance to the materials community; their synthetic pore organisation as well as their adsorption, 
magnetic, conductive and catalytic properties can be readily modified.160, 165-168 Mesoporous materials 
are favoured for a number of applications because of their highly ordered mesostructure and high 
surface area range, which allows for the adsorption and dispersion of molecular particles for  
wide-ranging applications. This is unlike the microstructured materials, whose morphology have  just 
confined its application to separation and fine chemical catalysis.164a, d The high surface area and 
highly ordered support texture they possess, makes it possible to control the sizes as well as the 
dispersion of supported metal particles.12, 38a, 66 
The demand for better reactions and separations generated the intense interest in metal substituted 
and silica-based mesoporous materials after its discovery. This is due to their potential application in 
catalysis, separation, adsorption, biomaterials and nano-scaled devices.162, 169, 170 A huge assortment 
of nano-phase isolated composite materials can, therefore, be imagined, whereby changes in the 
selection of the block copolymer specie composition and chain architecture are utilised to tune and 
self-assemble the material. This is achieved with the aid of process variables, for example, pH, 
temperature, and environments which are controlled to direct the complexation of one or more 
resultant structures.160a, 166a, 170 
Mesoporous silica(s) with important exclusive and unique properties, such as highly ordered 
mesopores, hydrothermal stability, thick walls, uniform pore size distribution, were first reported by 
Mobil Corporation scientists in 1992 with the discovery of M41S family related materials.160a, 162, 165, 
171-173 Over the years, highly ordered mesoporous silica have received much attention because of their 
controllable surface chemistry, copiously large surface area, tunable pore size (which can be modified 
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over a wide range), excellent stability (chemical and thermal) and a colossal pore volume.174 This 
makes it a very promising catalyst support (or carrier) for widespread, and extremely valuable 
prospective applications in the field of adsorption, separation, and catalysis in general.162, 165, 172 
Subsequently, following their discovery, noteworthy advancement was made in controlling their 
morphology, composition variation, pore size alteration, synthesis methods and application 
developments.173b, 175, 176 Thus, in the last decades, this has led to the synthesis of different 
mesoporous structures which can be roughly classified into three groups in view of their pore types 
as a cylindrical channel, nearly spherical cage and bi-continuous channel.173b, 176b  
Characteristically, mesoporous silica materials are framed within conditions suitable for  
self-associating molecules, where the surfactant self-assembly occurs simultaneously to yield 
mesoscopically ordered composites with the condensation of the inorganic species.173b, 175a Numerous 
engineered pathways, with the assistance of supportive surfactant templating, have been accounted 
for the synthesis of these porous materials. The synthesized porous materials are either with a 
disordered or ordered pore framework with different structures, which can meet the demand of the 
intended application both from an academic and industrial perspective.162, 169b, 175, 177, 178 The pathways 
were developed to take advantage of the structure directing functionality of hydrogen-bonding, 
electrostatic, and van der Waals interactions linked by means of the amphiphilic molecules for the 
self-assembly. The surfactant self-assembly then takes place concurrently with the condensation of 
the inorganic species, to give mesoscopically ordered composites. This is achieved with the help of 
cosolvent organic molecules and extended thermal treatment during synthesis, to enlarge the pore 
size up to 10 nm (100 Å).160a, 165, 168a, 169a, 179, 180, 181a 
Silica is largely utilised as the primary building block of mesoporous materials since it is reasonably 
inexpensive, chemically inactive, innocuous with some thermal stability, and readily available in 
large quantities.164, 181b Among various ordered mesoporous silica materials, Santa Barbra Amorphous 
(SBA) type silica is considered as the most desirable of the ordered mesoporous materials (OMMs) 
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because it exhibits interesting textural properties, connectivity between pores through micropores and 
it is relatively easy to synthesise. 161a, 164, 181b  
In 1998, an eye-catching research by Zhao and colleagues produced clustered and a parallel hexagonal 
cylindrical array of pores, of meso-structured silica, which came to be known as “Santa Barbara 
Amorphous no 15 (SBA-15)” with pore size ranging from 4.6 – 30 nm. Indeed it was a research 
gamble that paved way for development and improvement of the mesoporous material.160 This is as 
a result of its larger pores, and mechanical, thermal, and chemical resistance properties. Since its 
discovery, SBA-15 (shown in Figure 5) has shown potential as support material for the synthesis of 
novel catalytic materials, due to its uniform hexagonal array of channels, a tuneable pore size and 
narrow pore size distribution. The tuneable pore diameter (2 – 50 nm) and framework wall thickness 
thus give it a higher mechanical and hydrothermal stability, over other materials.12, 160b, 165a, 174c, 181c 
 
Figure 5. HRTEM (high resolution TEM) image of SBA-15 (a) long 1 D channels (b) p 6 mm plane group.173  
 
Unquestionably, it became a preferred choice to other catalytic supports on the basis of their 
interesting properties. Despite that, there is a need to modify, functionalise or even immobilise other 
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active elements and nanocatalysts into their porous structure. This is done to enhance and optimise 
its catalytic activity, for specific catalytic reactions and reusability.164a 
Recently, mesoporous transition metal oxides have started receiving consideration in a number of 
reactions, because of their multiple oxidation states, and the effect of the ensuing metal-oxide 
interfaces on catalytic activity and selectivity.71a, 178d Unlike silica-based mesoporous materials with 
well-established synthesis method, the synthesis method for transition metal oxides, either by soft 
templating or hard templating methods, is somewhat difficult and challenging.170, 176a, 177, 182c 
However, the successful synthesis of such materials has been reported, using soft templating inverse 
micelle for the creation of the mesoporosity, and the general approach is shown in Figure 6. Further 
thermal treatment of the gel at different heating cycles, then results in the nano-crystallite material 
with mesopores within, as reported. 176a, 182 In this light, iron and cobalt mesoporous materials (shown 
in Figure 7) are viewed to generate higher CO conversion as well as C5+ hydrocarbon selectivity when 
compared to other conventional supports such as TiO2, SiO2 and Al2O3.
41 
 
Figure 6. Proposed inverse micelle soft-templating mechanism of mesoporous materials.182a  
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Figure 7. TEM images of mesoporous Co3O4 heat-treated at 250 °C for 3 hrs: (a) 50 nm (b) 5 nm scale bar. 
Inserts, 10 nm scale bar; b) SAED (selected area electron diffraction image). The Co3O4 nanoparticles are 8 – 
16 nm in diameter.182b  
 
2.5.1 Mesoporous Materials Synthesis 
Zhao and colleagues160 detailed the synthesis of an array of mesoporous SBA-type silicas. According 
to them, the synthesis and formation of ordered hexagonal SBA-15 involves utilisation of amphiphilic 
(non-ionic) triblock copolymer: poly (ethylene oxide)-poly (propylene oxide)-poly (ethylene oxide), 
commercially known as Pluronic P123. P123 (EO20PO70EO20) has meso-structural ordering 
properties and amphiphilic character, which makes it suitability for synthetic applications. They 
achieved the synthesis of SBA-15 materials in strongly acidic media (i.e., pH ~1). They further used 
P123 as an organic template structure directing agent, with the addition of ethanol as a cosolvent, to 
coordinate the associative polymerization of silica species from the silica source. The silica source 
can be either tetramethyl orthosilicate (TMOS), tetraethyl orthosilicate (TEOS) or tetrapropyl 
orthosilicate (TPOS).160, 180 The reaction and hydrothermal treatment temperature was carried out 
between 35 and 90 °C, to create profoundly well-ordered, two dimensional hexagonal (p6mm space 
assembly) silica – block copolymer mesophase.160, 165, 179b  
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This subsequently has brought about the preparation of well-organised hexagonal mesoporous silica 
structures (SBA-15 and MCM-41) over the years through a variation in the technique.179c, 183 The 
variation involving reaction conditions, mixture, chain architecture and compositions, are carried out 
to modify the textural properties of the final product. This approach is therefore applicable to any 
self-assembling copolymer or surfactant system wherein a network creating additive is selectively 
partitioned among components.22 Generally, it comprises the synthesis of a silica-surfactant 
composite and the maturing (ageing) of the synthesised mixture under hydrothermal conditions. This 
is followed by filtration with a discretionary washing step, to assist the removal of the organic 
polymer species before calcination.164, 179 The synthesis depends on an agreeable self-assembly of the 
precursor (silica) and micelles of the triblock copolymer as structure coordinating agent(s) under 
acidic conditions.  
The successful synthesis of ordered mesoporous silica (SBA-15) entails a summarised two-step 
approach that comprises an initial step at 35 – 40°C and a vital extended hydrothermal crystallisation 
step (usually 24 hrs ageing) between 80 – 120°C.160, 174c, 177, 184 Variation of pore size and the silica 
wall thickness is related to the temperature heating rate (35 – 140 °C) as well as reaction time 
(between, 11 – 72 hrs) of the synthesised SBA-15 in the reaction mixture to give systematically 
different structures with uniform pores. Larger pore sizes and thinner silica walls in the material are 
achieved by higher synthesis temperatures and/or longer reaction times. As a direct result of 
protonation and/or temperature dependent hydrophilicity of the poly (ethylene oxide) species of the 
block copolymer, under the acidic conditions.160, 164b, 184 
The use of co-solvent organic molecules and extended thermal treatment during synthesis can be 
employed to control their morphology by expanding the pore size and increasing the dimension of 
the pore structures of the composite mesoporous material during synthesis.185 This was accounted for 
by Mesa and colleagues,185b when they argued a co-surfactant (CTAB) can be used for the 
modification of the shape and size of particles in determining the morphology of SBA-15 mesoporous 
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silica. In addition, the ethanol co-solvent used assumes an imperative part of the arrangement and 
formation of flawless morphology. This ethanol addition, however, might diminish the polarity of the 
solvent, and along these lines decreases the rate of nucleation and development of the mesostructured 
material produced. In the synthesis of ordered mesoporous silica, template removal is very critical, 
as the process could transform the final properties of the preferred permeable porous material. The 
standard technique for removing the template is calcination, usually at 500 °C.160a, 185a, 186 
2.5.2 Mesoporous Materials in FT 
The dependence of Fischer-Tropsch synthesis on the amount of surface atoms available for catalysis 
makes mesoporous materials useful as supports, for studying structural effects on FTS catalytic 
activity and selectivity.66b, 187 This is due to the possibility of modifying the pore lengths, volumes 
and diameters of the material, which in turn impact structural effects of the supports on the catalytic 
performance. These ordered mesoporous materials (sometimes modified) have been employed as 
supports in FTS reaction studies. 19b, 185, 189 
Study of the porosity effect of different silica-based mesostructured materials on the reducibility, and 
the dispersion of metals on support materials as well as the catalytic activity of Fischer-Tropsch 
catalysts in the FTS has been investigated.39a, 190, 191 The results obtained from the studies showed a 
noticeable influence of porosity on the metal size, reducibility, metal dispersion and facilitates 
selectivity toward C5+ hydrocarbons. This was credited to less sterical hindrance, and diffusional 
limitation within the support, induced by the pore size and pore volume of the catalysts.  
Modification of catalyst texture and porosity, to improve catalyst reducibility, either by the 
introduction of oxides (ZrO2 and MnO),
15b, 192 trimethylbenzene (TMB),193 aluminium and/or 
titanium,194 the silylation of SBA-15195 or metal promotion190d, 191c, 196 have been investigated. With 
high dispersion and higher reducibility leading to better catalytic performance due to readily available 
surface atoms (active sites).  
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Recently, the use of penetrable pores197 and pore expanded (3D mesocellular pore structured 
materials)198 MCM-41 and SBA-15 as supports for Fischer-Tropsch catalysts was investigated. The 
pore size and structure of the silica support affected the dispersion and degree of reduction of the 
catalyst, which led to higher catalytic properties.  
In all the cases mentioned above, various features of the catalyst structure were exploited to improve 
the performance of the catalysts, which resulted in better activity. The wider-pored materials 
facilitated better dispersibility as well as reducibility, and afforded controllability of the metal particle 
size, which enhanced the catalytic activity of the catalysts. It also led to rapid readsorption of 1-
alkenes and subsequent chain growth and selectivity towards C5+ hydrocarbons. This is accredited to 
increase in mass transport restrictions, a lowered CO diffusion barrier to the active site due to a 
decrease in pore length, compared to the narrow-pored catalysts, with fewer diffusion restrictions. 
2.6 Conclusion 
The Fischer-Tropsch synthesis (FTS) is an interesting technological route, which provides a feasible 
alternative option for the conversion of feedstocks (like natural gas, biomass, etc.) into appropriate 
valuable end products. The concern, however, is on how to make the process more efficient, thereby 
reducing associated emissions with the process, and at the same time achieve the sustainability of 
energy security supply. 
Since it is a heterogeneously catalysed reaction, one way to achieve this objective is by conducting 
extensive research in the area of catalyst development to improve the catalytic performance. This is 
especially the case in the areas of high CO conversion, limiting the high selectivity towards CH4 and 
CO2, and improving on the selectivity of desired products (C5+ hydrocarbons, e.g., light olefins, 
gasoline, or diesel). The optimisation of materials, the nature of the active metal catalyst and support 
type, and the metal-support interaction can assist the structure–performance relationship of the 
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catalyst. This can improve the entire process performance, to yield high C5+ selectivity and less 
undesired products. 
Bearing in mind the accessibility of the active sites, nanocatalyst(s) with their increased  
surface-to-volume ratios and improved chemical potentials, when incorporated in an adequate support 
matrix, could facilitate optimum catalyst performance for Fischer-Tropsch catalysts. This will 
unintentionally assist in the monetisation of stranded gas reserves by resource holders.  
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Chapter 3: Research Methodology and Experiments 
3.1 Introduction 
This project involves the synthesis of nanoparticle-sized ruthenium (to limit heat and mass transfer 
resistance), embedded in mesoporous support, its characterisation and evaluation in the Fischer-
Tropsch reaction. Amongst the variety of techniques used to obtain nano-sized metal particles, the 
wet chemical reduction method is doubtlessly the most fashionable due to its low cost, simplicity, as 
well as the capacity for bulk production. The chemical reduction of metal salts with the aid of reducing 
agent (NaBH4) in the presence of a ligand-protecting agent, which is preferred owing to the 
controllability of particle shape and size.1, 2 The stability of the nanoparticles and its uniform 
dispersion over support material is essential to achieve the synthesis of a uniformly distributed nano-
catalyst.1-3 
3.2 Catalyst Preparation/Synthesis  
3.2.1 Synthesis of Ruthenium Nanoparticle 
The synthesis of the ruthenium nanoparticles is successful. It involved the chemical reduction of 
ruthenium trichloride hydrate (RuCl3.3H2O) precursor, with a reducing agent (sodium borohydrate), 
in the presence of an organic amine ligand as a stabilising and protecting agent. This is necessary to 
stabilise the nanostructured colloidal metals, and to prevent the nanoparticles from aggregating 
allowing at the same time for their isolation. This method was preferred due to the advantage of 
controllable shape and size of the particles. The choice of octylamine as a suitable extracting ligand 
was due to phase separation issues earlier encountered with the initial use of pentylamine. The 
synthesis process involves dissolving a known amount of RuCl3 in an absolute ethanol to make a 
solution, and the required volume of the organic amine ligand added to the mixture, and continuously 
stirred under an inert condition in a Schlenk tube for 24 hrs. After which, a known amount of NaBH4
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was dissolved in a mixture of alcohols (methanol and ethanol), to make a solution of the reducing 
agent. 
The synthesis of the colloidal ruthenium nanoparticles was by gradual addition of about 1000 μL of 
the prepared NaBH4 solution 10 mins apart, to the mixture, five times. Then left under continuous 
stirring for 3 hrs after the last addition for effective reduction of the salt to the metal colloid. Some 
pentane added to the mixture to provide an organic phase for separation, washed with water to remove 
the excess amine ligand still present in the solution and collected. Although the extracted 
nanoparticles can be isolated, and dispersed on support in diverse ways, the solution of the metal 
nanoparticle (collected organic phase), is directly used for the synthesis of the catalyst, without first 
isolating the nanoparticles. 
Because of its ease, the wet impregnation method is the approach used for the synthesis of the catalyst. 
Whereby a known amount of the previously synthesised mesoporous material (SBA-15 and Co3O4), 
is added to the ligand protected ruthenium nanoparticles solution. The mixture is then agitated/stirred 
for some time to ease coordination between the support and the nanoparticles. The synthesised 
catalyst is obtained by filtration after further washing with pentane to remove any excess ligand left 
in the mixture. The synthesised catalysts were characterized by different techniques such as Brunauer-
Emmett-Teller (BET) analysis to establish the surface area, pore volume, the pore size in addition to 
their distribution, XRD analysis to confirm the structure. TEM and/or SEM analyses, to study the 
morphology of the particles and establish the shape, the pore size, size distribution of supported 
catalysts, chemisorption analysis to determine percentage dispersion, and thermogravimetric analysis 
(TGA) to study mass changes (weight loss) in the material due to variation in temperature.  
3.2.2 Synthesis of Mesoporous Support Material 
The synthesis of the support mesoporous material was successfully achieved. The method used for 
the preparation of ordered hexagonal SBA-15 is similar to the technique reported by Zhao and  
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co-workers.4 The use of non-ionic triblock copolymer P123 to direct the structure, and tetraethyl 
orthosilicate (TEOS) as a silica source, in a strong acidic media for the synthesis was employed. 
Deionized water was added to a known amount of P123 and stirred at room temperature until fully 
dissolved. The solution, transferred to a round bottom flask and 360 cm3 of 2M HCL solution added, 
with an increase in stirring speed, and the temperature to between 48–50 °C. Tetraethyl orthosilicate 
(20 cm3) was added to the solution and left to stir for 24 hrs, after which the stirring was stopped and 
temperature increased to 90°C, to allow it to age for another 24 hrs. The reaction was stopped 
completely afterwards, left to cool, vacuum filtered and washed with water and dried. Calcination of 
the as-synthesised SBA-15 is carried out in air at 500 °C. 
The method used for the preparation of mesoporous Co3O4 is similar to the technique reported by 
Poyraz and co-workers, for the synthesis of mesoporous metal oxides.5 Utilising non-ionic triblock 
copolymer, P123 in the soft templating approach, and the varied calcination steps.5, 6 The cobalt 
nitrate hexahydrate was dissolved in a solution of P123, HNO3 and 1-butanol. The red solution was 
placed in an oven at 50 °C after stirring, for 12 hrs to evaporate the 1-butanol solvent. The resulting 
gel was then heated in an oven for 6 hrs at 120 °C. The powder formed was allowed to cool, and 
washed with ethanol, to remove the P123 surfactant template, and dried in a vacuum. It was further 
calcined in air with heating cycles of 150 °C for 12 h and 250 °C for 4 hrs at a heating rate of  
1 °C min-1. 
3.3 Catalyst Characterisation 
The aim of characterizing catalyst is to identify the characteristics of the prepared catalyst, which are 
responsible for its catalytic activity/behaviour, in order to enable replication of the procedure under 
the same conditions. This characterisation of synthesised mesoporous support and catalyst by 
different techniques is useful for qualitative and quantitative analysis of the materials. Various classic 
surface characterisation, as well as microscopic techniques are used to characterize the synthesised 
catalyst samples. These include i) gas sorption (i.e., adsorption/desorption) isotherm determination 
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by Brunauer-Emmett-Teller (BET) analysis to determine the pore volume, surface area, BJH pore 
size and size distribution. ii) Microscopic analysis by transmission and scanning electron microscopic 
(TEM and SEM), to study the morphology of the particles and establish the shape, pore size, size 
distribution and composition of supported particles. iii) X-ray diffraction (XRD) analysis, to confirm 
the structure. iv) Thermogravimetric analysis (TGA), used to study mass changes (weight loss) in the 
material due to variation in temperature, to determine the stability of the catalyst. v) Temperature 
programmed reduction (TPR), used to study the reducibility of the catalyst. vi) Chemisorption 
analysis, to determine metal dispersion and identify the surface reactive atoms. These classical well-
known analytical techniques are used to estimate the catalyst and ruthenium particle size, dispersion, 
shape, structure, surface area and surface composition, which is useful in obtaining detailed 
information about the catalyst mechanism.7, 8 
3.3.1 Thermogravimetric Analysis (TGA) 
The TGA thermal property analysis is usually used to measure changes in weight of a material in 
relation to changes in temperature. It is used to characterise the thermal stability and, sometimes, the 
reducibility of particles in a material, and determine particle stability at higher temperatures. 
Thermogravimetric analysis is carried out in a quartz crucible, using Q600 SDT V20.9/TGA–DSC 
instrument analyser. The samples (20–25 mg) were dehydrated in dry air on a quartz crucible at 773 
K for 3 hrs and cooled to room temperature.9  
3.3.2 BET Analysis 
BET surface area, distribution of the pore sizes, and the pore volume of synthesised samples were 
determined using N2 adsorption-desorption isotherms in the relative pressure range of 0 to 1. The 
samples were degassed overnight at 90 °C to maintain a completely dry and solvent-free sample. The 
samples were measured at -195.8°C and 120 mins using a Micromeritics Tristar 3000 (V6.08A) and 
ASAP 2460 (V2.01), accelerated surface area and porosity/porosimetry analyser systems. By means 
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of the Barrett-Joyner-Halenda (BJH) model (a modified Kelvin equation),10 the pore size distribution 
plot is calculated from the desorption stem of the isotherms. 
3.3.3 X-ray Analysis 
X-ray diffraction patterns were recorded using a Rigaku miniflex 600 diffractometer with a Cu Kα1 
(λ = 0.1542 nm) as the radiation source. The samples were scanned at the rate of 0.2 deg.min-1 and 
1.0 deg.min-1 for small (1 – 10°) and wide angles (10 – 90°) respectively. 
3.3.4 Temperature Programmed Reduction (TPR) 
In this research, the extent of catalyst reduction was determined by hydrogen temperature 
programmed reduction (H-TPR) of the catalysts by means of a Micrometrics AutoChem II 2920 
instrument. Using a U-shape quartz reactor equipped with a thermocouple for continuous temperature 
measurement, the catalysts H2-TPR reduction experiments were conducted. The samples (ca. 0.05 g) 
were first pre-treated with high purity flowing Argon (Ar) at 150 °C for an hour to remove water and 
other impurities before it was cooled to 30 °C. Subsequently, a mixture of 10% H2/Ar ramped at  
10 °C min-1 up to 900 °C was passed through the system to reduce the catalyst samples. At the same 
time, the consumption rate of hydrogen (H2) in the system was monitored by means of a thermal 
conductivity detector (TCD). 
3.3.5 Microscopic Analysis (TEM/SEM) 
Using a JEOL-Jem 2100 transmission electron microscope (TEM), the sizes of the nanoparticles and 
morphology of the catalysts (mesoporous) were investigated. More so, SEM was performed on a 
Tescan Vega 3 scanning electron microscope equipped with Oxford INCA EDS SEM/EDS. For TEM 
studies, the preparation of the catalyst samples was carried out by dipping carbon-coated copper grids 
into a sonicated ethanol suspension of the sample. The size distribution histograms of all catalysts 
were obtained manually by quantifying the particles from TEM images. For SEM studies, the catalyst 
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powder was placed on a double-sided adhesive tape (carbon), which was mounted on a sample holder 
and coated with carbon by cathodic sputtering. 
3.3.6 H2 Chemisorption and Oxygen titration measurements  
Dispersion is essential in advancing an effective reaction between the reactants because a high metal 
dispersion will point to a good activity of a catalyst.11 In a bid to assess metal dispersion, identify the 
surface reactive atoms, and reveal the relationship to the physical structure of supported metals, a 
number of selective gas (H2, O2 and CO) chemisorption methods were developed. These 
chemisorption methods have been widely applied to characterise the surface of metal-supported 
heterogeneous catalysts.12-18 Furthermore, these methods were founded on the ability of molecular 
hydrogen to selectively chemisorb (dissociatively) on the surface of transition metals,
12, 15, 19 thereby 
directly titrating the metal atoms in the process and revealing or exposing the fraction of atoms on 
the surface (defined as the degree of dispersion). The scope of the technique was further extended to 
the use of other molecules (CO, O2) as titrants, and the titration of chemisorbed oxygen (with H2) and 
H atoms (alkene).12 This titration technique is more sensitive because more hydrogen is consumed.16, 
20 While the initial chemisorption method yields the surface active metal site count, the activation 
temperature reoxidation of the reduced catalyst offers an estimate of the percentage of metal that was 
reduced (degree of reduction). The combination of both is then used to determine the dispersion by 
including the degree of reduction in the dispersion calculation.21, 22 The titration of adsorbed oxygen 
with hydrogen method (initially developed to determine the surface area of low metal loaded 
platinum-supported catalysts) was later extended to other catalysts.16a, 20, 23 This titration of 
chemisorbed H and O atoms technique21, 22b is mostly useful because it accurately quantifies the actual 
density of surface metal atoms (dispersion). This is especially so where metal-support interactions 
are strongly inhibited by H2 chemisorption by taking into account the percentage reduction of the 
metal. In the study of promoted catalysts, this correction factor becomes particularly important, either 
by direct hydrogen titration of chemisorbed oxygen or by oxygen titration method (whereby the extent 
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of reduction is used for correction). This is necessary because dispersion calculation from H2 
chemisorption alone results in the underestimation of the % dispersion and, therefore, overestimation 
of the resulting cluster size.21, 22, 24 From different model calculations, a dispersion ≥ 50% for a 
roughly 2 nm sized particle can only be achieved if the particles contain approximately 500 atoms, 
depending on the assumed particle shape and the metal.12, 25 
Chemisorption analysis involves the adsorption of analysis gas molecules (H2, CO, and O2) on a 
freshly reduced catalyst, using either the static (standard vacuum) or the pulse (flow) chemisorption 
systems. The static method measures both reversible and irreversible uptakes and is more sensitive 
and accurate in measuring low concentrations of adsorbate,22a, 26 especially for slow or reversible 
adsorption process on base metals such as Co, Fe and Ni. However, the pulse-flow system on the 
other hand measures only irreversible uptakes and is more convenient to rapidly generate the required 
data. As such, the pulse-flow is not suitable for a slow or reversible adsorption process, but ideal for 
supported catalysts where hydrogen spill-over can occur at a measurable rate22a, 27 and give 
comparable results (for noble metals, for instance Ru, Rh, Pt and Ir)22a, 28 to the result obtained by the 
static method.  
Generally, the catalyst is first reduced in hydrogen (or H2/Ar), then cooled to ambient temperature 
and purged with a carrier gas. This is followed by a rapid heating to the desired adsorption 
temperature. After H2 chemisorption, the sample is reoxidized at the activation temperature to 
determine the extent of reduction. At monolayer coverage, the ratio between the metal surface atoms 
and number of adsorbed molecules corresponds to the stoichiometry of chemisorption and is used in 
the calculations. 
The static analysis technique determines metal dispersion and the active metallic surface of the 
reduced heterogeneous catalyst. Achieved by measuring the amount of H2 adsorbed, both physisorbed 
(reversible) and chemisorbed (irreversible) H2 molecules at a constant temperature. At that adsorption 
temperature (isothermal), the amount of H2 molecules chemisorbed on the metal surface and the 
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desorbed hydrogen is determined as a function of the relative pressure with a thermal conductivity 
detector. The difference in both isotherm plots thus represents the monolayer volume (amount of H2 
adsorbed irreversibly on the sample). By extrapolating the linear portion (of the difference in both 
isotherm plots) to zero pressure (Y-intercept), the monolayer volume can, therefore, be determined.29  
Nevertheless, the pulse chemisorption analysis also determines the active particle size, metal 
dispersion, and the active metallic surface of the heterogeneous catalyst that is achieved by 
introducing measured pulses of analysis gas (H2, CO, and O2) in order to interact with the sample. 
Depending on the technique (H2 chemisorption or H2 titration of chemisorbed oxygen) used, the 
sample is dosed with the reactant gas (using a calibrated injection loop) until each active site has 
reacted. After complete reaction (dissociative adsorption) of the active sites, the separately injected 
gas volumes emerge unchanged. The integration of the peaks (performed by an automated software 
provided with the instrument) determines the change in peak area for each pulse (which is 
proportional to an amount of hydrogen consumed) and is compared to that of the saturation peak. The 
amount of hydrogen chemisorbed is calculated as the total amount of hydrogen injected minus the 
total amount eluted from the system.30 
The calculations used for chemisorption analysis is based on the following equations summarised 
below, extracted from the AutoChem 2920 user manual. 
Volume sorbed: 
VS = NVi – Vna 3.1 
where N is the number of injections, Vs is the volume sorbed, Vi is the volume per injection (cm
3) 
and Vna is the total volume not sorbed (cm
3). 
H2 uptake, the cumulative quantity adsorbed (cm
3/gcat STP): 
Vads = 
𝑉𝑠
𝑆𝑊
 
3.2 
where Vads is the volume adsorbed, and SW is the sample weight (cm
3).Peak area volume (cm3): 
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Vpa = Ap × Fc 3.3 
where Vpa is the peak area volume (cm
3), Ap the peak area, and Fc the calibration factor. 
Stoichiometry factor: 
𝑆𝐹𝑐𝑎𝑙𝑐 =  [(
𝐹1 × 𝑆𝐹1
𝑊𝑎𝑡𝑜𝑚𝑖𝑐 1
) +  (
𝐹2 × 𝑆𝐹2
𝑊𝑎𝑡𝑜𝑚𝑖𝑐2
) + . . . + (
𝐹𝑁 × 𝑆𝐹𝑁
𝑊𝑎𝑡𝑜𝑚𝑖𝑐𝑁
)] ∙ (𝐺𝑀𝑊𝑐𝑎𝑙𝑐) 
3.4 
where SFcalc is the calculated stoichiometry factor, SFN is the Stoichiometry factor for metal N, F1 is 
the fraction of sample weight for first metal, FN is fraction of sample weight for nth metal, Watomic1 is 
gram molecular weight of first metal (g/g-mole) and WatomicN is gram molecular weight of first metal 
(g/g-mole). 
Gram Molecular Weight: 
𝐺𝑀𝑊𝑐𝑎𝑙𝑐 =  
1
(
𝐹1
𝑊𝑎𝑡𝑜𝑚𝑖𝑐 1
)  +  (
𝐹2
𝑊𝑎𝑡𝑜𝑚𝑖𝑐2
) + . . . + (
𝐹𝑁
𝑊𝑎𝑡𝑜𝑚𝑖𝑐𝑁
)
 
3.5 
where GMWcalc is the calculated gram molecular weight (g/g-mole). 
Cross-sectional Area: 
𝑆𝐴𝑐𝑎𝑙𝑐 =  [(
𝐹1 × 𝑆𝐴1
𝑊𝑎𝑡𝑜𝑚𝑖𝑐 1
) +  (
𝐹2 × 𝑆𝐴2
𝑊𝑎𝑡𝑜𝑚𝑖𝑐2
) + . . . + (
𝐹𝑁 × 𝑆𝐴𝑁
𝑊𝑎𝑡𝑜𝑚𝑖𝑐𝑁
)] ∙ (𝐺𝑀𝑊𝑐𝑎𝑙𝑐) 
3.6 
SAcalc is the calculated cross-sectional area, SA1 is the cross-sectional area for first metal, SAN is the 
cross-sectional area for metal N. 
Metal Density: 
𝐷𝑐𝑎𝑙𝑐 =  [(
𝐹1 × 𝐷1
𝑊𝑎𝑡𝑜𝑚𝑖𝑐 1
) +  (
𝐹2 × 𝐷2
𝑊𝑎𝑡𝑜𝑚𝑖𝑐2
) + . . . + (
𝐹𝑁 × 𝐷𝑁
𝑊𝑎𝑡𝑜𝑚𝑖𝑐𝑁
)] ∙ (𝐺𝑀𝑊𝑐𝑎𝑙𝑐) 
3.7 
Dcalc is the calculated density, D1 is density for first metal, DN is density for metal N, Watomic1 is the 
gram molecular weight of first metal (g/g-mole), WatomicN is the gram molecular weight of nth metal 
(g/g-mole). 
Percentage Metal dispersion:  
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𝑃𝐷 =  100 (
𝑉𝑠  ×  𝑆𝐹𝑐𝑎𝑙𝑐
𝑆𝑊 ×  22414
) 𝐺𝑀𝑊𝑐𝑎𝑙𝑐 
3.8 
 
=  100 (
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑒𝑡𝑎𝑙0 𝑎𝑡𝑜𝑚𝑠 𝑜𝑛 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 
𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑒𝑡𝑎𝑙 𝑎𝑡𝑜𝑚𝑠 𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒
) 
3.8.1 
where PD is percent dispersion, VS is volume sorbed (cm
3/g at STP), SFcalc is calculated stoichiometry 
factor and GMWcalc is Gram Molecular Weight (g/g-mole).  
Metallic Surface Area; 
𝑆𝐴𝑀𝑒𝑡𝑎𝑙𝑙𝑖𝑐 =  (
𝑉𝑠
𝑆𝑊 ×  22414
) × (𝑆𝐹𝑐𝑎𝑙𝑐) × (6.023 × 10
23) × 𝑆𝐴𝑐𝑎𝑙𝑐 
3.9 
 
= (𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑚𝑒𝑡𝑎𝑙 𝑎𝑡𝑜𝑚𝑠) × (𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎 𝑜𝑓𝑎𝑐𝑡𝑖𝑣𝑒 𝑚𝑒𝑡𝑎𝑙) 3.9.1 
where SAMetallic is the metallic surface area (m
2/g of the sample), SAcalc is calculated specific surface 
area (per gram of metal). 
Active Particle Size (APS); 
𝐴𝑃𝑆 =
6
(𝐷𝑐𝑎𝑙𝑐) × (
𝑊𝑠
𝐺𝑀𝑊𝑐𝑎𝑙𝑐
) × (6.023 × 1023) × 𝑆𝐴𝑐𝑎𝑙𝑐
 
3.10 
where APS is the active particle size, WS is sample weight (metal), Dcalc is the calculated metal density 
(g/cm3) and SAmetallic (calc). 
The chemisorption experiments were conducted using research grade gases, 10% H2/Ar (Autochem 
II 2920) and helium for pre-treatment. The flow rate of all gases was 50 mL/min (Autochem II 2920) 
and the catalysts were reduced at 400 °C for 12 hrs. H2 adsorption and oxygen titration measurements 
were done at 100 °C at 400 °C respectively, each ramped at 10 °C min-1. 
3.3.6.1 Hydrogen chemisorption measurements 
In the chemisorption analysis carried out on this thesis, measured amounts of the catalyst sample was 
placed in a quartz U-shape microreactor and reduced at 400 °C (at a ramping rate of 10 °C/min) for 
12 hrs using 10% H2 in Ar and Ar as a carrier gas. The flow rate of all gases used was 50 mL/min 
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and the filament and TCD (thermal conductivity detector) temperatures were maintained at 175 °C 
and 110 °C respectively. After reduction with 10% H2/Ar, the catalysts were held in flowing helium 
at the reduction temperature for 2 hrs to desorb/remove chemisorbed hydrogen species. The 
temperature was then reduced to an ambient condition and held for 10 mins, whilst still flowing 
helium, before the temperature was increased to 100 °C (where adsorption was done) at 5 °C/min 
ramping rate. The gases were changed such that the analytical gas (10% H2/Ar) passes through the 
loop and Ar as the carrier gas, while the temperature is raised to the adsorption temperature 100 °C 
(at 5°C/min). At this temperature, the catalyst was kept under a constant flow of Ar gas to facilitate 
desorption of the residual chemisorbed hydrogen pending the reversal of the TCD signal to the 
baseline before recording starts. The TCD begins to record the signal until the baseline is stable. After 
stability of the baseline, pulses of the analytic gas (10% H2/Ar) were injected through a calibrated 
loop (active injection loop volume at 110.9 °C is 0.03201 cm3 STP) to the reactor to interact with the 
sample. The injection was carried out one pulse every 0.2 seconds and a return to baseline (or 2 min 
wait) before the next injection, until no further changes in signal intensity of outlet 10% H2/Ar 
injected to the reactor (peaks are equal or 10 times). Prior to the experiments, the calibration of the 
sample loop was accomplished using pulses of argon in helium flow, compared with the signal 
generated from a gas-tight syringe injection (0.5 mL) of nitrogen under helium flow.  
Assuming the well-established chemisorption surface stoichiometry of Ru metal particles (H/Rum), 
is represented by the ratio 1:1 as given by equation (3.11),13, 20, 29 the cumulative quantity of H2 
chemisorbed from the calibrated pulses of hydrogen, was used to determine the Ru metal dispersion, 
metallic surface area (of catalyst and active metal), the active particle diameter (hemisphere assumed) 
and the cubic crystallite size. 13d 
Rum + ½ H2 →RumH 3.11 
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3.3.6.2 Oxygen titration measurements 
After H2 chemisorption, oxygen titration was performed on the fresh catalyst. As is the case with 
hydrogen chemisorption, all the flow rate of gases used was 50 mL/min and the filament and TCD 
(thermal conductivity detector) temperatures were maintained at 175 °C and  
110 °C respectively. The measured catalysts in the quarts U-tube were first reduced with 10% H2/Ar 
and Ar as a carrier gas at 400 °C (ramping rate of 10 °C/min) for 12 hrs and subsequently purged with 
flowing helium at the reduction temperature for 2 hrs to desorb chemisorbed hydrogen species. It is 
subsequently purged with helium for another 1 hour at the reduction temperature while the gas is 
switched to the analytical gas, 10% O2/He. The gases were changed such that the analytical gas  
(10% O2/He) passes through the loop and He used as the carrier gas. The catalyst was kept under a 
constant flow of He to desorb the residual chemisorbed hydrogen pending the reversal of the TCD 
signal to the baseline before recording starts. The TCD begins to record the signal until the baseline 
is stable before pulses of the analytic gas (10% O2/He) was injected through the calibrated loop to 
interact with the sample in the reactor. The sample was re-oxidised using pulses of the analytical gas 
(10% O2/He), the injection was carried out one pulse every 0.2 seconds, whereafter the TCD signal 
return to baseline or the next injection is carried out after a 2 min wait until no further changes in 
signal intensity of outlet 10% O2/He (injected to the reactor) until the peaks are equal or 10 times. 
The quantity of oxygen (mol) consumed was used to calculate the fraction reduced by comparing to 
the theoretically expected value, assuming oxidation of metallic Ru was to RuO2 the stable oxide of 
ruthenium.13c, 14c, 29, 31 
The calculations used in oxygen titration is summarized below in equations 3.12 to 3.15: 
Rum + O2 → Rum-O2 3.12 
 
Fraction reduced = 
𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑜𝑥𝑦𝑔𝑒𝑛 𝑢𝑝𝑡𝑎𝑘𝑒
𝑡ℎ𝑒𝑟𝑜𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑜𝑥𝑦𝑔𝑒𝑛 𝑢𝑝𝑡𝑎𝑘𝑒
 
3.13 
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Corrected dispersion Dc (%) = 
𝑃𝐷
𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑒𝑑𝑢𝑐𝑒𝑑
 
3.14 
The average spherical crystallite diameter (dp) was calculated from Dc (%), assuming equal 
proportions of 111, 110 and 100 index planes with Ru site density of 16.3 atoms /nm2. 13d, 22a, 32, 33 
Crystallite diameter (dp) = 
97.8
Dc (%)
 
3.15 
In this study, the dispersion, surface area, and the particle size of Ru on different supports were 
achieved by means of the H2 chemisorption and oxygen titration methods, using the Micromeritics 
Autochem II 2920 (designed for use in the pulse [flow] method). 
3.4 Experimental Set-ups and Analytical methods to Evaluate 
Catalysts 
The synthesised catalyst samples were evaluated for FT activity, using two different fixed-bed reactor 
systems to generate the necessary data in order to achieve the objective outlined earlier. The reactor 
systems include: 
i. A conventional FT assembled rig (fixed-bed reactor) connected to an Agilent GC system 
coupled with FID and TCD detectors, 
ii. A Frontier® single micro-reactor “Rx 3050SR” connected to a Shimadzu GCMS-QP2010 
system.  
An Excel spreadsheet was developed for processing the data from the GC system in order to determine 
conversion and selectivity towards different products while using the conventional Fischer-Tropsch 
fixed-bed reactor. Some parameters that were investigated include the effect of varying process 
parameters (such as temperature and pressure), ruthenium loading, nanoparticle size, and the 
dispersion on the catalytic activity and product selectivity. 
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3.5 Experimental Set-ups and Analytical methods to Evaluate 
Catalysts 
3.5.1 Conventional lab Scale FT Rig 
Conventionally, the Fischer-Tropsch synthesis reaction is studied in the laboratory using catalytic 
fixed-bed reactors, as a heterogeneously catalysed gas phase reaction on the catalysts surface, usually 
arranged as a “fixed-bed” within the reactor. The reaction product stream is then analysed by either 
an online or offline GC coupled with FID and TCD detectors as shown in the experimental setup in 
Figure 8. The fixed bed system has several advantages such as simplicity of the equipment, relative 
ease of fabrication, simple analysis, low cost, low maintenance, better variation in operating 
conditions, and long residence contact times for a near complete reaction. However, since adsorption 
is an exothermic process, to effect desorption, the temperature of the adsorbent has to be raised.34, 35 
For large beds containing highly porous adsorbents, it is difficult to quickly heat and cool it because 
of poor heat transfer characteristics, which leads to prolonged heating, cooling times, long residence 
time and, as such, the reaction analysis time. More so, there is difficulty in controlling the temperature 
and measurement conditions, which may lead to thermal catalyst degradation. 
One of the most common problems within any catalytic reaction is the loss of catalyst activity with 
time, which is due to a variety of deactivation phenomena, due to early reaction dynamics. 
Instabilities can, therefore, arise in larger fixed bed reactors, especially with strongly exothermic 
reactions, leading to the use of diluents to mitigate against the risk of a runaway exothermic 
reaction.34, 35 As the synthesis gas is introduced on a freshly activated catalyst, a spike in reaction rate 
can take place, leading to hot spots, caburization/sintering and localised catalyst degradation. The 
sintering/carburization result in the deposition of carbonaceous materials on the catalyst surface, and 
lowers the dispersion of the catalyst and increase the metal particle size. These factors affect the 
performance of the FT catalysts.19, 20, 26 The sintering of metallic cobalt species is considered to be 
one of the main reasons for catalytic deactivation,26 meanwhile, the large number of mesopores inside 
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the schistose structure inhibited the sintering of metallic cobalt species; therefore, higher FTS activity 
and good stability were observed.  
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Figure 8. Schematic diagram of Conventional FT fixed bed experimental setup. 
The detection of these events is usually missed in conventional laboratory fixed-bed reactors because 
of the following limitations: i) the volume of the catalyst bed is relatively high and makes it difficult 
to detect hot spots, as usually only one temperature probe is used to measure the actual catalyst bed 
temperature; ii) in addition to the reactor volume, the system is usually fitted with wax and liquid 
products trapping vessels and connecting lines to an on-line GC. This constitutes a high-volume 
system, which leads to large system response times. For example, depending on the gas flow rate 
used, a change in CO conversion in the reactor can take from minutes to few hours before being 
detected through an on-line GC analysis; and iii) the GC sampling rate is limited. Most GCs require 
more than 30 mins to complete the analysis of Fischer–Tropsch reactor effluent gas. 
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The inception of micro-GCs has significantly reduced these requirements, however, micro-GCs rarely 
achieve a sampling rate exceeding 12 injections per hour. Considering the above, it is not practical to 
rapidly detect close to real-time changes that take place during an FT reaction, using a conventional 
FT experimental setup. This information is vital for catalyst optimisation and subsequent 
interpretation of long-term catalyst behaviour. 
Compared to conventional fixed-bed reactors, the Frontier® single micro-reactor uses a mass of 
catalyst and reactants (which are several orders of magnitude smaller) which limits mass and heat 
transfer effects on the reaction process. It mainly consists of a micro-reactor directly coupled to a gas 
chromatograph-mass spectrometer (GC-MS) system, which allows for the analysis of an assortment 
of reacting samples at various conditions, especially in the area of heterogeneous catalysis.35 For real-
time monitoring, an evolved gas analysis (EGA) capillary tube is used to by-pass the GC column, 
allowing the gases released to be monitored directly by the MS detector.36-38  
3.5.2 Frontier® Single Micro-Reactor “Rx 3050SR”GCMS System  
The Frontier® single micro-reactor “Rx 3050SR” and the Tandem pyrolyzer systems, were designed 
to allow for the rapid screening and evaluation of catalysts and catalytic systems, thereby presenting 
reliable information about the product stream. It allows for the analysis of an assortment of sample 
types at the various reaction and process conditions especially in the area of heterogeneous catalysis,39 
by either using a short deactivated transfer line or a GC separation column. The principle of separation 
of the evolved gas is based on the vapour pressure and polarity of the components. The system allows 
for the development of suitable reaction conditions on the basis of the feed gas, in order to observe 
product distribution at a good catalytic activity. From this, one can be able to identify the relationship 
between peak areas for detected compounds, retention time, and micro-reactor temperature, thereby 
being able to optimise reaction conditions for various catalytic processes. For real-time monitoring 
(RTM), the evolved gas analysis (EGA) capillary tube is connected between the GC injector and the 
detector, thus replacing the regular ULTRA ALLOY metal capillary column. This allows for gases 
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released to be monitored in real time directly by the detector, and the system has been applied to 
evaluate different processes.36, 37, 39-44 However, to achieve this on the Fischer-Tropsch analysis, a 
necessary modification is carried out, making it possible to obtain data within the shortest possible 
time frame. 
The fixed-bed single micro-reactor (Rx 3050SR) is interfaced to a Shimadzu gas chromatography-
mass spectrometer (GC-MS) QP2010 series system, which was assembled for the rapid screening of 
catalysts. This allows for the real-time monitoring of chemical species generated or produced by 
vapour phase contact reaction with the catalyst to analyse the catalytic systems and reaction 
conditions.38 The three gas cylinders containing helium (He, used as a carrier gas and for a purge 
stream), hydrogen (H, for reduction of catalyst), and syngas (30% CO, 60% H2 and 10% N2 
composition) were used for the catalytic evaluation of the Fischer-Tropsch reaction. Prior to testing, 
the catalyst is packed into the quartz reaction tube (bed) and reduced with hydrogen before the 
reaction was carried out to analyse the catalytic system and reaction conditions. For real-time 
monitoring, the GC was fitted with a short deactivated capillary tube (UA-DTM- 2.5 N, 2.5 m ×  
0.15 mm i.d.), whereas for Fischer-Tropsch hydrocarbons product analysis, the GC was fitted with a 
general purpose ultra-alloy metal capillary column (UA1-30M-1.0F; 30 m × 0.25 mm ID, 1.00 μm 
film thickness). The separation products were identified by mass spectrometry (MS) database search 
using National Institute of Standards and Technology (NIST) and Wiley libraries, which matched 
over 90%. 
3.5.3 Frontier® Reactor Modification and Optimisation for FT Activity 
To run the Fischer-Tropsch synthesis reaction, the system was modified such that the flow 
configuration of the system will allow for separate reaction and carrier gases to be used. The EGA 
transfer line is replaced with an ultra-alloy metal capillary column.37 Initially, for the real-time 
monitoring (RTM), the reaction gas was used as carrier gas, but in this case, the system requires a 
different carrier gas, hence the change in configuration. To allow for the reaction gas to go directly 
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to the reactor and the carrier gas goes directly to the GC (where the flow is controlled by the AFC), 
the modification required the incorporation of two 3–way valves to the initial reactor configuration 
and flow process, identified as valves A and B respectively. This makes it possible to monitor the 
Fischer-Tropsch synthesis products reaction both in i) batch mode and ii) real-time. After the reaction, 
helium gas is used as a carrier for the product analysis, as described in the system configuration for 
flow modification in Figure 9. 
Split vent
AFC
H2 + COCatalyst
Valve A
Valve B
a) Injection of syngas
AFC
H2 + COValve A
Valve B
b) Reaction
AFC
H2 + COValve A
Valve B
c) Injection of products
Liquid N2
AFC
H2 + COValve A
Valve B
d) GC/MS analysis
He He
He He
4
 
Figure 9. System configuration for flow modification. 
i) Catalyst evaluation in batch mode. In the first step, syngas is allowed to flow into the reactor by 
first opening valves A and B (Figure 9a) to allow the syngas to flow into the micro-reactor (at a 
selected temperature) and reach the required pressure. The syngas feed is then cut off by closing valve 
A to allow for the reaction to take place (Figure 9b) in a closed system. Valve B is positioned to 
continuously flow the carrier gas (He, with the flow controlled by an automatic flow controller, AFC) 
to the GC. After the required reaction time, the product is injected into the GC-MS for analysis by 
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turning valves A and B into positions (Figure 9c). This allows for the carrier gas to flow into the 
micro-reactor and carry the reaction product into the column after splitting (1/50) and venting a 
significant portion. At the same time, the use of liquid nitrogen is introduced to temporarily 
cryogenically trap the vapours at the head of the separation column, thereby thermally segmenting 
the product stream going to the MS detector.36, 38 The GC is then turned on to analyse the products 
(Figure 9d), after the removal of the liquid nitrogen. 
ii) Real-time monitoring (RTM) experiments were carried out by continuously flowing the syngas 
through the catalyst bed in the micro-reactor and replacing the GC column with a short deactivated 
capillary tube (Figure 10). With this configuration, the reactor effluent was directly sent to the MS 
detector where it is possible to monitor how the reaction is influenced by process conditions such as 
temperature in real-time. 
To analyse the catalytic systems and reaction conditions using the redesigned configuration shown in 
Figure 9, two method files were developed: one for reaction condition at 300 kPa, and the other for 
analysis at 91 kPa. Using the analytical conditions shown in Figure 10, the real-time monitoring of 
catalysts and separation analysis (Figure 11) for the catalysts were carried out at different process 
conditions respectively. 
Examples of typical reaction and analytical conditions for batch and real-time monitoring modes are 
shown in the flow pattern in Figures 10 and 11. 
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Figure 10. System configuration and analytical condition for Real-time monitoring (with linear temperature 
program). 
 
Figure 11. System configuration and analytical condition for Isothermal reaction / GC-MS separation. 
 
Reactor temp. : 100ºC (10 min) – 10 ºC/min – 400ºC (10 min) 
GC inj. temp. : 200ºC
GC oven temp. : 200ºC
GC/MS ITF temp. : 200ºC
EGA tube : UADTM-2.5N (deactivated 2.5 m x 0.15 mm id)
Inlet pres. (Reaction pres.) : 300 kPa
Column flow rate : ca. 4 mL/min
Additional He flow : 200 mL/min
Split ratio : 1/50
Scan range : 10-400 (m/z) 
Scan speed : 0.5 scans/sec
Syngas : H2 (10 mL/min) + CO (5 mL/min)
Catalyst : Ru – SBA15 (80-120 mesh, 106 mg, 1 cm, )
Residence time : 0.28 sec
MS
He
Split vent
GC 
AFC
H2 + CO
Catalyst
Reactor temp. : 200, 280ºC 
GC inj. temp. : 200ºC
GC oven temp. : 40ºC (3 min) – 20 ºC/min – 280ºC (20 min)
GC/MS ITF temp. : 200ºC
Separation column : UA1-30M-1.0F
(PDMS, 30 m, 0.25 mm i.d., 1.0 µm film)
Inlet pres. 
(Reaction pres.) : 300 kPa
(Separation pres.) : 91 kPa (at 40ºC)
Column flow : 1.2 mL/min
Additional He flow : 40 mL/min
Split ratio : 1/10
Scan range : 10-400 (m/z) 
Scan speed : 3 scans/sec
Syngas : H2 (10 mL/min) + CO (5 mL/min)
Catalyst : Fe – Al (118 mg)
Residence time : 0.15 min
MS
Split vent
GC 
AFC
H2 + COCatalyst
Valve A
Valve B
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3.6 Activation Energy Calculation 
At similar process conditions and feed compositions, the surface atom reactivity and the activation 
energy characterizing the reaction on different surfaces can be obtained/calculated from the slope of 
plots of the simplified formula. 
Ln K = 
−𝐸𝑎
RT
 
3.16 
This typifies the logarithm of the rate of reaction versus the reciprocal of absolute temperature (T) for 
data collected, where ln K is the rate constant, Ea the activation energy and R is the gas constant. The 
values of the slope m then equals –Ea/R. 
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Chapter 4: 
Rapid Online Fischer-Tropsch Reaction Monitoring using 
a Modified Frontier® Tandem Micro-reactor GC-MS 
System 
4.1 Introduction 
Fischer–Tropsch synthesis (FTS) is at the heart of the biomass-, coal- and gas-to-liquids (B/C/GTL) 
technologies and produces liquid hydrocarbons from synthesis gas (a mixture of hydrogen and carbon 
monoxide). It relies on the potential for carbon monoxide to exchange oxygen with hydrogen in the 
presence of a catalyst.1-4 The liquid synthetic fuels generated from this process have several 
remarkable advantages, and can, therefore, turn out to be an important energy carrier alternative, in 
addition to having a conspicuous share in the final energy mix globally.5,6 The Fischer–Tropsch 
reaction, more often than not, is heterogeneously catalyzed5, 7 by an active metal phase, dispersed on 
a support,8 and requires maximum metal usage for optimum catalyst performance.9-11 High Fischer–
Tropsch reaction rates have been achieved by the use of nano-sized particles.12-15  
Conventionally, the Fischer-Tropsch synthesis reaction is studied in the laboratory using catalytic 
fixed-bed reactors, which are usually connected to an online gas chromatograph (GC) coupled with 
a thermal conductivity detector (TCD), and a flame ionization detector (FID) as shown in Figure 8. 
The key advantages of the fixed bed system and complications arising from initial reaction dynamics, 
associated with the conventional fixed bed reactors, have been detailed in section 3.5.1. However, 
there is ongoing development using mathematical models to study the optimization and parametric 
sensitivity of conventional and milliscale fixed-bed reactors. This has shown that in terms of operating 
parameters and reactor design, the optimization of FBR is dependent on a selection of objective 
function and some constraints (such as water partial pressure and the selectivity to methane).16
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This study aims at modifying this system that has been applied to evaluate different processes,17-24 
and adapt it as a Fischer-Tropsch set up that can generate meaningful data within the shortest possible 
time frame. A thorough explanation of the system design is not given here, as it may be 
found/obtained elsewhere.25 
A ruthenium-based (Ru/SBA-15) catalyst has been selected to evaluate this reactor system. 
Ruthenium is a promising catalyst for FT reaction. Recently, the Ru crystal phase influence on site 
distribution and intrinsic activities was studied to propose a basic catalyst design that will give a 
higher mass-specific activity without particle size decrease considerations.26 However, the reduction 
conditions and extent of metal-support interaction of Ru particles in a catalyst significantly influences 
not only the catalytic properties but also determines the degree of transformation and selectivity to 
products in the course of the Fischer−Tropsch reaction. This is as a result of the formation of different 
surface structures of the supported Ru catalyst.27, 28 
4.2 Experimental 
4.2.1 Materials 
The chemicals used were reagent grade and received from Sigma-Aldrich and Rochelle Chemicals 
(RSA). They include Ruthenium trichloride hydrate (99.98% trace metals basis), octylamine (99%), 
P123 (PEG, 30 wt. %), tetraethyl orthosilicate (99%), sodium borohydride (≥ 96%), methanol 
(99.95%), absolute ethanol (99.95%), n-pentane (95%) and concentrated HCl (32%). All the gases 
used for these experiments were of ultra-high-purity (UHP) and were purchased from Afrox (Linde 
group, South Africa). The synthesis gas consisted of 30% CO, 60% H2 and 10% N2 (as internal 
standard). 
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4.2.2 Catalysts preparation and characterisation 
The 1.57% Ru-SBA-15 catalyst was synthesised by chemical reduction of RuCl3 using NaBH4 and 
deposition on a synthesised mesoporous SBA-15 support. First, the support material (SBA-15) was 
synthesised using the technique reported by Zhao and co-workers.29, 30 Non-ionic triblock copolymer 
P123 was utilised as the structure coordinating agent with a silica source (tetraethyl orthosilicate, 
TEOS), in a strong acidic media to facilitate the precipitation of the silica gel. The resulting white 
suspension was vacuum filtered after ageing (for 24 hrs, at 90 °C), washed, dried as well as calcined 
at 550 °C for 4 hrs, in order to remove the organic copolymer template.29-35  
The ruthenium nanoparticles were prepared by chemical reduction of the corresponding metal salt to 
produce zero valent metal colloids in organic media.36 A known amount of RuCl3∙3H2O (14.1 mg, 
0.1 mmol) was dissolved in ethanol (20 cm3) and the required volume (112 μL) of octylamine ligand 
and stirred under the inert condition for 24 hrs. An appropriate amount of NaBH4 (282 mg, 7.5 mmol) 
was dissolved in alcohol (5 cm3 absolute ethanol and 20 cm3 methanol) and used to reduce the 
ruthenium salt to colloidal metal nanoparticles. The mixture was left under continuous stirring for  
3 hrs after the addition of 5 cm3 of NaBH4 solution 5 times (10 minutes apart) for effective reduction 
of the salt to metal nanoparticles. Pentane was added to the colloidal solution to provide an organic 
phase, which was subsequently washed with water to remove the excess ligand present in the solution, 
and the organic phase collected. The amount of synthesised SBA-15 (101.6 mg) was measured and 
added to the resulting metal ruthenium nanoparticles solution, whilst stirring to facilitate the 
dispersion of the nanoparticles onto the support matrix. The colloidal solution was allowed to settle 
after a while, and the synthesised catalyst was collected by filtration, washed with pentane to remove 
the excess of the amine ligand, dried and characterized. 
The catalyst was characterized by means of X-ray diffraction (XRD), transmission electron 
microscopy (TEM), Brunauer-Emmett-Teller (BET), scanning electron microscopy (SEM), 
temperature programmed reduction (TPR) and thermogravimetric (TG) analyses. The 
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thermogravimetric analysis was carried out in a quartz crucible using a Q600 SDT V20.9/TGA-DSC 
analyser, the sample (20 – 25 mg) was dehydrated in dry air on a quartz crucible at 500 °C for 3 hrs, 
and was cooled down to room temperature.37 BET surface area of the synthesized sample was 
determined using N2 adsorption-desorption isotherms in the relative pressure range 0 to 1. The sample 
was degassed overnight at 90 °C to maintain a completely dry and solvent-free sample, and measured 
at -195.8 °C using a Micromeritics Tristar 3000 (V6.08A) surface area and porosity analyser. By 
means of the Barrett-Joyner-Halenda (BJH) model, the distribution of the pore sizes was determined 
from the desorption branch of the isotherms38  
X-ray diffraction (XRD) patterns were recorded using a Rigaku MiniFlex 600 diffractometer, with a 
Cu Kα1 (λ = 0.1542 nm) radiation source and a scan rate of 0.2 deg.min-1 and 1.0 deg.min-1 for low 
and wide angles respectively. The sizes of the nanoparticles and morphology of the catalyst were 
investigated by TEM using a JEOL-JEM 2100 electron microscope operating at 200 kV and a beam 
current of 101.6 µA. The catalyst sample was dispersed in ethanol, and a drop of the sonicated 
suspension of the sample was placed on a copper grid and allowed to dry before the analysis. The 
size distribution histograms for the catalyst were obtained by manually measuring the particles from 
the TEM images. SEM analysis was performed on a Tescan Vega 3 scanning electron microscope 
equipped with Oxford INCA EDS SEM/EDS. The samples for SEM studies were prepared by placing 
catalyst powder on a double-sided carbon adhesive tape mounted on the sample holder and coating 
with carbon via cathodic sputtering. 
4.2.3 Modification of the Tandem micro-reactor GC-MS system for Fischer–
Tropsch reaction 
The various components of a Tandem microreactor GC-MS are shown with more details in an earlier 
study.25 Essentially, two high-temperature (up to 900 °C) micro-reactors (Rx 3050SR) are combined 
in series and connected to a GC-MS system. The first micro-reactor is intended for sample preparation 
such as gas or liquid preheating/vaporizing or solid sample pyrolysis. The second micro-reactor is 
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used for catalytic reaction and contains the solid catalyst mounted in a quartz tube and kept in place 
by using quartz wool. The outlet of the catalytic micro-reactor is directly connected to the injection 
port of a GC, where a split (1/50) of the reactor vapours is introduced into a GC column and MS for 
analysis; the rest is vented.  
The system has been modified for this study, by first removing the first micro-reactor since the 
reactant was already in the gas phase and was quickly heated in the catalytic micro-reactor where the 
1.57% Ru/SBA (51.3 mg) were loaded. The micro-reactor is interfaced to a Shimadzu GC-MS 
(QP2010 series) system that was assembled for the rapid screening of catalysts. For real-time 
monitoring, the GC was fitted with a small neutralized capillary tube (UA-DTM- 2.5 N, 2.5 m × 0.15 
mm i.d.). However, for Fischer-Tropsch hydrocarbons product separation, it was fitted with a general 
purpose Ultra Alloy metal capillary column (UA1-30M-1.0F; 30 m × 0.25 mm ID, 1.00 μm film 
thickness). The separated products were identified by mass spectra (MS) database search using 
National Institute of Standards and Technology (NIST) as well as Wiley libraries and matched over 
90%. Secondly, the system was redesigned to a new configuration by adding a set of three-way valves 
to allow for batch and real-time Fischer–Tropsch reaction monitoring, respectively. The micro reactor 
flow modification and optimization configuration are detailed in section 3.5.3. The reaction and 
analytical conditions for batch and real-time monitoring modes are listed in Table 1. 
In all cases, the synthesized catalyst was activated by reduction using hydrogen, prior to the 
evaluation for Fischer-Tropsch activity. The required catalyst sample was loaded by filling a  
10 mm quartz reactor tube with about 1 cm layer of quartz wool to form a supporting base for the 
catalyst bed. The quartz wool was first heated slightly with an open flame to remove any organic 
material before use in the micro-reactor. It was also placed on top of the loaded catalyst bed in 
readiness for reduction. A sample of Ru/SBA-15 catalyst (51.3 mg) was reduced in a flow of  
H2 (50 mL/min), at a pressure of 200 kpa for ca. 16 hrs. The reactor temperature was first maintained 
at 100 °C for 30 mins and then raised to a final temperature of 300 °C (ramped at a rate of 10 °C/min). 
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After which an increase in temperature was carried out from 300 to 450 °C at 10 °C/min, and held at 
this temperature for 3 hrs, before cooling the reactor to 300 °C (10 °C/min), where it was held for  
17 hrs.  
Table 1: Typical reaction conditions and analytical details for the modified FT micro-reactor setup 
 Real-time monitoring Batch reaction 
Reaction temperature 100 °C (10 min) – 400°C  
(10 min), at 10 °C/min  
200 °C – 300°C 
GC injection temperature 200 °C 200 °C 
GC oven temperature 200 °C 40 °C (3 min) – 20 °C /min – 
280°C (20 min) 
EGA tube UADM-2.5N (deactivated2.5 m x 
0.15 mm id) 
UA1-30M-1.0F (PMDS, 0.25 
mm id, 1.0 μm film) 
Inlet pressure (reaction) 300 kPa 300 kPa 
Inlet pressure (separation)  91 kPa (at 40 °C) 
Column flow rate Ca. 4 mL.min-1 1.2 mL.min-1 
Additional He flow 200 mL.min-1 40 mL.min-1 
Split ratio 1:50 1:50 
Scan range 10 – 400 (m/z) 10 – 400 (m/z) 
Scan speed 0.5 scans.sec-1 3 scans.sec-1 
Syngas feed H2 (10 mL.min
-1) + CO (5 mL 
min-1) 
H2 (10 mL min
-1) + CO (5 
mL.min-1) 
Run duration 70 mins 25-35 mins 
 
4.3 Results and Discussion  
4.3.1 Catalyst Characterisation 
4.3.1.1 Thermogravimetric Analysis (TGA)  
TGA was used to check the thermal stability of the Ru /SBA-15 catalyst. The data are shown in Figure 
12 and display a multistep decomposition. An initial H2O desorption from the catalyst can be 
observed up to 100 °C.39 It is then followed by subsequent gradual weight loss up to about 800 °C 
(21.84%) due to the organic copolymer species decomposition.29, 40, 41  
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Figure 12: TGA data for 1.57% Ru /SBA-15 catalyst in air. 
4.3.1.2 X-ray Diffraction (XRD) Analysis 
The X-ray diffraction analysis of the Ru/SBA-15 catalyst sample showed an intense basal peak at 
∼1° that confirms a two-dimensional hexagonal (space group p6mm) pore channel ordering, along 
with a low intensity peak around 2° (Figure 13a) characteristic of the hexagonal structure of 
mesoporous materials. The wide-angle XRD pattern peak at 2θ between 20 and 30° (Figure 13b) 
essentially shows the non-crystalline (amorphous) nature of the support, characteristic of reproducible 
short-range molecular order in the mesostructure.32, 42 The absence of a diffraction peak for Ru is as 
a result of the small-sized ruthenium nanoparticles embedded in the support pores. 
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Figure 13: XRD patterns of 1.57% Ru/SBA-15 catalyst: a) small angle and b) wide angle. 
 
4.3.1.3 Brunauer-Emmett-Teller (BET) analysis 
The pore volume, surface area as well as the pore size distribution of the synthesised SBA-15 blank 
support in addition to the 1.57% Ru/SBA-15 catalyst sample are reported in Table 2. The isotherms 
of both SBA-15 blank support and Ru/SBA-15 samples are shown in Figure 14 and exhibited a Type 
IV isotherm alongside H1 hysteresis loop38 at the adsorption-desorption isotherms, typical of 
mesoporous materials characterized with 1D cylindrical channels. This occurs on porous adsorbents 
having a pore diameter range of 2 – 50 nm (20 to 500 Å).3, 38, 40, 43 The isotherms displayed an inflexion 
between P/P0 range of 0.40 and 0.8, attributed to “capillary condensation” in uniform mesopores.30, 
38, 44 After impregnation with ruthenium, the porous structure of the mesoporous silica remained 
intact. The introduction of ruthenium on the SBA-15 support brought about a substantial decrease in 
the BET surface areas (from 752 to 326 m2/g) and pore volumes (from 0.88 to 0.46 cm3/g). A decrease 
in BET surface area can be as a result of pore blocking, agglomeration of nanoparticle, or the metal-
oxide/metal-support effect/interaction. No significant change of the average pore diameter was 
observed as it remained around 5.6 – 5.7 nm. These data suggest a metal-support interaction and  
partial blockage of support pores by ruthenium, thereby making them unreachable for nitrogen 
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adsorption, an indication that some ruthenium metal was embedded in the support matrix and not 
sitting on the surface of the support, and the interaction with the support resulted in the decreased in 
BET surface area.37, 38 
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Figure 14: Isotherm plots of the a) SBA-15 support and b) 1.57% Ru /SBA-15 catalyst. 
 
Table 2: BET analysis data for blank SBA-15 support and 1.57% Ru/SBA-15 catalyst.  
Cat Sample BET Surface Area 
(m2/g) 
Pore Volume 
(cm3/g) 
Average Pore width 
(nm) 
SBA-15 752.2 0.88 5.7 
1.57% Ru/SBA-15 326.1 0.46 5.6 
 
4.3.1.4 Temperature programmed reduction (TPR) 
The temperature programmed reduction profile for the Ru/SBA-15 catalyst is displayed in Figure 15. 
It exhibits two main reduction peaks, which are deconvoluted as four peaks located in the following 
temperature ranges: 100 – 160 °C, 100 – 220 °C, 400 – 600 °C and 460 – 660 °C. The symmetrical 
peak centred at ca. 130 °C is attributed to the reduction of RuO2 to Ru, and suggests uniform 
distribution of Ru particles on the support, while the shoulder peak with maximum at ca. 170 °C, is 
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attributed to the reduction of RuO3 and possible larger particles of RuO2.
45-48 The high temperature 
peak at ca. 500 °C and the shoulder at ca. 560 °C can be attributed to the reduction of highly dispersed 
RuO (oxygenated Ru) located in the mesoporous silica support matrix and strongly interacted with 
the support.48-51 Based on these data, a temperature of 250 °C was selected as the reduction 
temperature for the Ru/SBA-15 catalyst before the Fischer–Tropsch reaction.  
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Figure 15: TPR pattern of 1.57% Ru/SBA-15 catalyst. 
 
4.3.1.5 Microscopic analyses (TEM and SEM) 
The morphology of the Ru/SBA-15 catalyst was determined by TEM analysis and the images are 
shown in Figure 16a and b. The mean Ru nanoparticle sizes (as synthesised) is estimated to be  
1.3 ± 0.8 nm (from 300 particles counted), as shown in Figure 16c. The TEM images show the 
arrangement of the cylindrical pores in a well-ordered hexagonal array as well as the highly hexagonal 
pores in a 2D array, with long 1D channels.30 this indicates that the morphology of the support was 
not altered considerably by the incorporation of the Ru nanoparticles. The SEM analysis shown in 
Figures 16d and e corroborates the TEM images and shows the hexagonal SBA-15 support structure 
and the EDS image shows the presence of ruthenium nanoparticles on the support. 
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Figure 16: (a, b) TEM micrographs for 1.57% Ru/SBA-15 catalyst, (c) Ru particles size histogram, (d) SEM 
image and (e) SEM-EDS. 
4.3.2 Catalyst Evaluation in Real-Time Monitoring (RTM) mode 
An example of real-time Fischer–Tropsch reaction data monitoring is given in Figure 17, which 
illustrates the reaction temperature (100 – 400 °C) effect on the evolution of CO (m/z: 28), CH4 (m/z: 
16), CO2 (m/z: 44) and H2O (m/z: 18) over a Ru/SBA-15 catalyst. The relative intensities for 
individual components are reported in Figure 18. 
a, 1D channels in 2D array b, hexagonal structure 
c, estimated particle size histogram 
1D channel
d, SEM image
e, SEM  EDS image
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Figure 17: Real-time monitoring of the effect of the operating temperature on FT reaction using  
1.57% Ru/SBA-15 catalyst at 100 kPa. 
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Figure 18: Relative intensities of individual components. 
 
Ru-based catalysts are usually operated around 200 – 220 °C. A wide testing temperature range was 
used in this test to cover an extended range of possible events that can happen during a typical FT 
reaction, including thermal degradation of the catalyst. These data show that no significant reaction 
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took place below 200 °C. The reaction activity became detectable around 220 °C as suggested by the 
total ion current (TIC) that gradually increased from this temperature before undergoing an 
exponential increase that started in the 250 – 280 °C region to reach a maximum value around  
380 °C. As expected, the CO conversion under these conditions (large space velocity of  
ca. 540 nL/g-Ru/h) was very low and therefore small changes in the intensity of CO were difficult to 
observe below 300 °C. However, the system is more sensitive to the forming products such as CH4 
and H2O which showed gradual increases in their intensities before increasing exponentially from 
250 – 280 °C, in agreement with the TIC. To overcome the limited sensitivity of the system to CO at 
very low conversions, the reaction can adequately be monitored by analysing the change in CH4 and 
H2O intensities. In the absence of significant amounts of oxygenate formation, the amount of H2O 
formed is a direct reflection of the CO conversion, i.e. for every mole of CO reacted, one mole of 
H2O is formed. CO2 was formed from ca. 270 °C and also increased exponentially as the temperature 
increased above 320 °C. All the observed trends are in agreement with previous studies of Ru-based 
catalysts, which have reported increases in methane selectivity and catalyst activity with an increasing 
temperature.3, 52, 53 CO2 is formed through the water-gas-shift (WGS) reaction that is catalysed by 
ruthenium oxides.54-56 Expectedly, the rapid increase in the intensity of CO2, concomitant to CH4, is 
an indication of catalyst re-oxidation at high temperature, or due to the kinetics of the reaction at 
higher temperatures.  
4.3.3 Catalyst Evaluation in Batch mode 
Fischer–Tropsch synthesis runs were performed in batch mode at 150, 200 and 300 °C using  
1.57% Ru/SBA-15 catalyst. In all these runs, the selected reaction pressure was 300 kPa. After 
introducing the synthesis gas in the reactor as described in section 4.2.2, the reaction was allowed to 
run for 25 mins before introducing helium to the reactor to carry the reaction products to the column, 
while sampling for about 3 mins, by cryo-trapping the product stream with liquid nitrogen.18 The GC-
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MS analyses were started after the inlet pressure of the column had stabilised. The analyses of the 
products formed, as a function of the temperature of the reaction are reported in Figure 19. 
0 2 4 6 8 10 12 14 16 18 20
E
t
h
a
n
o
l
2
-m
e
th
y
lb
u
ta
n
e
2
, 
3
-d
im
e
th
y
lb
u
ta
n
e
is
o
 -
 P
e
n
te
n
e
2
-h
e
x
e
n
e
B
e
n
z
e
n
e
3
 m
e
th
y
l 
h
e
x
a
n
e
T
o
lu
e
n
e
C
O
2
H
2
O
M
e
th
a
n
e
E
th
a
n
e
P
r
o
p
a
n
e
B
u
ta
n
e
H
e
x
a
d
e
c
a
n
e
P
e
n
ta
d
e
c
a
n
e
T
e
tr
a
d
e
c
a
n
e
T
r
ic
a
n
e
D
o
d
e
c
a
n
e
U
n
d
e
c
a
n
e
D
e
c
a
n
e
N
o
n
a
n
e
O
c
ta
n
e
H
e
p
ta
n
eH
e
x
a
n
e
P
e
n
ta
n
e
In
te
n
s
it
y
 (
a
.u
.)
 
Time (mins)
300 °C
200 °C
150 °C
Figure 19: Analysis of reaction products using the 1.57% Ru/SBA15 catalyst at different temperatures over a 
25mins period. 
 
The hydrocarbons that were identified at 300 °C, ranged from C1 (methane) to C19 (nonadecane). At 
200 °C, the identified hydrocarbons ranged from C1 to C14 (tetradecane). Figure 20 shows the analysis 
of products at 250 °C with a reaction run time of 35 mins. From the repeat run, some level of catalyst 
deactivation could be seen from the reduced intensity of the peaks. 
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Figure 20: Analysis of reaction products using the 1.57% Ru/SBA15 catalyst at different temperatures over a 
35mins period. 
 
Indeed, this technique allows rapid evaluation of Fischer–Tropsch catalyst and has made it possible 
to generate an Anderson–Schulz–Flory (ASF) distribution plot and determine the chain growth 
probability within less than 30 mins from the start of the reaction. This is not possible with a 
conventional Fischer–Tropsch reaction setup. An example of an ASF plot for Fischer–Tropsch 
reaction after 25 mins using Ru/SBA-15 catalyst at 200 °C is shown in Figure 21. The calculated α 
value of 0.75, is within the previously reported limit of 0.60 – 0.95, listed in Table 3.57-61 An attempt 
to explain the bend in the ASF plot might seem ambiguous because of the lapse in the experimental 
setup. However, the bend can be attributed to two reasons. Firstly is the size of the particle, it has 
been reported that small nano sized metal particles often experience this kind of bend (negative 
deviation from the ASF distribution) after a specific carbon number, and the deviation increases with 
the carbon number (n). The second reason is the occurrence of secondary reactions and the 
unaccounted for flash product losses (since all the products were in the vapour phase), considering 
the experimental setup.62 
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Figure 21: ASF plot of the product distribution obtained during FT synthesis catalysed by 1.57% Ru/SBA-15 
at (a) 200 °C and (b) 300 °C.  
 
Table 3: Calculated growth probabilities (α) at different conditions and reactors. 
Catalyst type 
Temp. 
°C 
Pressure 
Run-
time 
Alpha (α) 
value 
Reactor type Ref. 
Mg promoted Co 194-203 103-241 kPa ≥ 24 hrs 0.60-0.95 Fixed bed 56, 57 
Ru 200-203 100-2000 kPa ≥ 24 hrs ~0.94 Fixed bed 58, 59 
Unsupported and 
supported Fe 
240 780 kPa 120 hrs 0.80–0.91 
Fixed and 
fluidized bed 
60 
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4.4 Conclusion  
We have successfully shown that the Frontier tandem micro-reactor GC-MS system can be modified 
to allow rapid catalyst evaluation for Fischer-Tropsch synthesis in two modes, i.e. batch and real-time 
analysis modes. A well-characterized Ru/SBA-15 catalyst was used to demonstrate the concept. The 
system shows the possibility of generating the Anderson–Schulz–Flory (ASF) distribution plot and 
subsequent determination of the chain growth probability within 30 mins from the start of the 
reaction. This is not possible using conventional Fischer–Tropsch reaction setup. Therefore, this 
system constitutes an efficient tool for rapid Fischer–Tropsch catalyst screening without missing 
important reaction data, which would require longer testing times if a conventional Fischer–Tropsch 
setup was used.  
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Chapter 5: 
Fischer – Tropsch Synthesis on Low Metal loaded Ru-
SBA-15 Nanocatalyst: Effect of reaction conditions on 
activity and product selectivity 
5.1 Introduction 
The Fischer-Tropsch synthesis (FTS) reaction, is an industrially important heterogeneously catalysed, 
but complex chemical reaction, which converts feedstocks into useful products. Consequently, there 
is a great deal of attention on the process both in academia and industry.1-3 The reaction relies on the 
potential of CO to substitute hydrogen for oxygen in the presence of a catalyst to yield products, 
which comprise a multi-component mixture of liquid hydrocarbons.4, 5 Traditionally, iron (Fe), cobalt 
(Co), ruthenium (Ru) or nickel (Ni) is used as the active metal supported on either silica, titania, or 
alumina.6-9 The reaction products are not in thermodynamic equilibrium in relation to the carbon chain 
structures, molecular types, and possible carbon number distribution.4 Generally, products with low 
methane and alcohol content, high C5+ content and high alkene/alkane ratio, are desired. Catalyst 
modification, as well as reactor and/or the reaction conditions modification, can achieve this.10 
Despite the growing interest in the technology, the control of activity and selectivity of the various 
transformations expected during the conversion process still poses a significant question for catalyst 
development. Hence the vast amount of research is channelled towards modification of known 
processes as well as active and new catalysts to achieve improved performance.11, 12 
The catalytic performance, as well as the carbon number distribution of the products, are regarded to 
be strongly related to process conditions such as pressure, temperature, and the ratio of H2/CO.
3, 7, 13, 
14 An increase in reaction temperature of the FTS reaction is known to increase the catalytic activity, 
with a shift towards lower carbon number products for traditional catalysts.7, 13, 15-17 However, an 
increase in reaction pressure generally causes the selectivity to shift towards products with higher 
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carbon numbers and an increase in production rate at high syngas space velocities.6b, 7, 18, 19 The 
appropriate reaction conditions, specifically, temperature and pressure, play a vital role in syngas 
conversion by affecting the thermo-physical properties of the catalysts. This, in turn, affects the 
transportation of reacting species to the gas-liquid interface. It also affects reactants’ adsorption, 
internal and external diffusion, and the reaction of the chemical species present, as well as desorption 
of the product.20 
In order to develop an active catalyst with good quality control over the metal dispersion and surface 
area, it is desirable to enhance the metal dispersion on the support. According to reports, the rate of 
the FTS reaction is proportional to and influenced by the metal dispersion and reducibility of a 
catalyst.21 -25 To accomplish this, the average crystallite size of the active metal has to be decreased. 
Consequently, an increase in the surface-specific activity and turnover frequency (TOF), results in 
high activity per unit catalyst volume of the FT reactor.21, 22 Studies on nano-sized particles have 
demonstrated that the reduction in particle size of a catalyst could be essential for high FTS activity.12, 
26-29 
Both, from fundamental and practical perspectives, understanding the impact of size reduction on 
performance is of growing interest and remains a key objective in nanocatalysis research. This is due 
to their increased surface-to-volume ratios, as well as their modified chemical potentials, in 
comparison to the bulk counterparts.12, 26, 28, 30-37 Research has established that, in heterogeneous 
catalysis, metal crystallites that are small in size have the larger relative surface areas. This increases 
the exposed surface area per unit mass of the metal for a reaction to take place.38-41 Therefore, this is 
expected to increase the FTS reaction rates and syngas conversion. However, studies on particle size 
effects, using traditional catalysts with a wide-ranging size distribution have yielded different 
conclusions.31, 42-45 
Goodman and colleagues,46, 47 Barbier48 as well as Bezemer and co-workers,2 observed structural-
sensitivity on the performance of their catalyst to metal particle size, with a sharp drop in activity as 
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size decreases.2, 22, 23, 41, 48 The propensity for smaller particles to readily oxidize, has been suggested 
to be accountable for the observed low activity. However, this might not necessarily be the case.49, 50 
Boudart and Yates, on the other hand, observed structural-insensitivity, due to the fact that the catalyst 
was presumed to be less effective below the threshold of ~7-10 nm.2, 35, 46, 51, 52 These structure-
performance relationships have to be taken into account when developing new catalytic systems to 
improve the process performance, and yield high C5+ selectivity and lower CH4 and  
C2–C4 alkanes.3, 10, 26, 21, 53-56 
Iglesia et al.21 initially showed that FTS activity and selectivity is proportional to metal dispersion, as 
well as independent on the support type. They, however, later reported that the support to some extent 
plays a role in achieving high FTS performance. The reported decrease in activity with respect to an 
increase in the metal dispersion in previous reports, was ascribed to either surface structure changes 
or electronic modifications due to interactions of the small crystallites with the support.57 A very 
weak interaction leads to a low dispersion and high reducibility, while a very strong interaction would 
result in a low reduction degree for the metal. Both cases are not beneficial to the conversion of CO, 
nor to the selectivity toward C5+ hydrocarbons.
57 
To overcome deactivation due to agglomeration, the nanoparticles can be immobilized on porous host 
materials. This has the potential of maintaining uniform high dispersion and provide better 
morphology based control.30, 58-60 These supported metal nanoparticles have found fundamental and 
industrial applications in a number of existing and newer sustainable processes.2, 60, 61 The stability of 
the nanoparticles and its uniform dispersion over support material is essential to achieve the synthesis 
of a uniformly distributed nanocatalyst.62 In addition to dispersing the active metallic particles in these 
systems, the support also stabilises the metal-support interaction, which in turn promote good 
catalytic performance. 
Ruthenium is renowned for its catalytic activity. Its lower vulnerability to poisons such as H2O and 
CO, coupled with a wide range of oxidation states and various coordination geometries, makes it a 
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great catalyst for lab scale evaluation of the FT process.51 Like other metal nanoparticles, the catalytic 
activity (efficiency per-atom) typically increases with a corresponding reduction in the size of the 
active metal particles.51, 63 Supported Ru catalysts have ended up being an outstanding FTS catalyst, 
with high activity and chain growth probability. A selectivity of over 90% for C5+ hydrocarbons at 
very low temperatures (100 °C) has been reported. More so, the selectivity towards CO2 is not 
significantly altered.64-66 
The objective of this research is to determine the FTS catalytic activity and performance of a well 
dispersed SBA-15 supported Ru nanocatalyst. A very low metal loading which was achieved by 
chemical reduction of the metal salt, and subsequently incorporated into the support matrix by 
incipient wetness, was targeted. The catalyst was then evaluated for FTS activity. 
5.2 Experimental 
5.2.1 Materials 
All the chemicals were used as received and were of reagent grade. Ruthenium trichloride hydrate 
(99.98% trace metals basis), octylamine (99%), P123 (PEG, 30 wt. %), tetraethyl orthosilicate (99%), 
and sodium borohydride (≥ 96%) were all purchased from Sigma-Aldrich. Concentrated HCl (32%), 
absolute ethanol (99.95%), methanol (99.95%) and n-pentane (95%) were purchased from Rochelle 
Chemicals (RSA). The gases used for these experiments were purchased from Afrox (Linde group, 
South Africa) and were of ultra-high-purity (UHP). The synthesis gas composition was 30.6% CO, 
59.7% H2 and 9.7 % N2 (as internal standard). 
5.2.2 Catalyst Preparation/synthesis and Characterisation 
First, the mesoporous SBA-15 support was synthesised by dissolving 8 g (1.4 mmol) of P123 in  
40 cm3 Milli-Q (18MΩ∙cm) deionized water then stirred until fully dissolved at ambient temperature. 
Subsequently, the solution was transferred to a round bottom flask where 360 cm3 of 2 M HCl solution 
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were added. The temperature was increased to 50 °C while stirring the mixture. Tetraethyl 
orthosilicate (20 cm3) was added to the solution dropwise after 15 mins and left to stir for 24 hrs. The 
resulting white suspension was allowed to age for 24 hrs at 90 °C, vacuum filtered, washed, and dried 
(24 hrs). It was subsequently calcined in air at 550 °C for 4 hrs to remove the organic copolymer 
template.67, 68 
The colloidal ruthenium solution was prepared by dissolving RuCl3∙3H2O (67.9 mg, 0.3 mmol) in 
ethanol (20 cm3). Octylamine (541 μL, 4.2 mmol) was added and left to stir continuously under inert 
conditions in a Schlenk tube for 24 hrs. A solution of NaBH4 was prepared by dissolving 282 mg  
(7.5 mmol) in a mixture of methanol (5 cm3) and ethanol (20 cm3). Colloidal ruthenium nanoparticles 
were produced by gradual addition of 5 cm3 of the NaBH4 solution to the mixture after intervals of 
10 mins. Five additions in total were required for the synthesis, followed by continuous stirring for 
10 hrs after the last addition for effective reduction of the salt to the metal colloid. Pentane was added 
to provide an organic phase, then the solution was washed with water. The organic phase was 
collected and used for the catalyst synthesis. The catalyst was synthesised by adding a measured 
amount (3.408 g) of the synthesised SBA-15 to the octylamine protected ruthenium nanoparticle 
solution while stirring to facilitate the nanoparticle integration into the synthesised support matrix. It 
was allowed to settle, vacuum filtered, dried and characterised using TPR, BET, XRD, TEM, as well 
as chemisorption analyses methods. The Ru loading of the catalyst, as determined by ICP–OES and 
ICP–MS methods, was 0.0472 (≈0.05) wt. %. 
The XRD patterns were recorded on a Rigaku MiniFlex 600 having a Cu Kα1 (λ = 0.1542 nm) 
radiation source, 40 kV/15 mA power, scanning rates of 0.2 °/min and 1.0 °/min were used for low 
and wide angles measurements respectively. The surface area of the synthesised sample was 
determined by N2 adsorption-desorption isotherms. The sample was degassed overnight at 90 °C and 
measured at -195.8 °C, using a Micromeritics accelerated surface area and porosimetry (ASAP 2460, 
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V2.01) system. The pore size distribution was determined by means of the BJH model,69 from the 
desorption stem of the isotherms. 
To determine the reducibility of the synthesised catalyst (Ru/SBA-15), the H2-TPR analysis was 
performed on a Micrometrics AutoChem II 2920 (V4.03) instrument. About 0.05 g catalyst sample 
was pre-treated with a high purity flowing Argon (Ar) at 150 °C for an hour, then cooled to 32 °C. A 
10% hydrogen in argon mixture was then passed through the catalyst in the reacting system at a 
measured flow rate of 50.14 cm³ STP/min. Subsequently, ramping at 10 °C min-1, the temperature 
was raised from 32 °C up to 900 °C, in order to monitor/measure the consumption rate of hydrogen 
(H2) with the aid of a thermal conductivity detector (TCD). 
The morphology of the catalyst and sizes of the nanoparticles were investigated by transmission 
electron microscopy (TEM), using a JEOL-JEM 2100 analyser, operated at 200 kV and a beam 
current of 101.6 µA. A sonicated suspension of the catalyst sample dispersed in ethanol was dropped 
on a copper grid and allowed to dry before carrying out the analysis. The size distribution histogram 
for the catalyst was obtained by manually measuring the particles from the TEM images. 
The Ru metal dispersion, metallic surface area, and active particle size were determined by  
H2-chemisorption and oxygen titration measurements.
70-79 A Micromeritics Authochem II 2920 was 
used for pulse analysis. Preceding the experiments, calibration of the sample loop was carried out 
using pulses of nitrogen in helium flow. The signal generated was compared with the one generated 
from a 0.5 mL injection of nitrogen (using a gas-tight syringe) into helium flow (active injection loop 
volume at 110.9 °C is 0.03201 cm3 STP). The chemisorption experiments were conducted using 
research grade gases, helium (pre-treatment), 10% H2/Ar, and 10% O2/He, and the flow rate of  
50 mL/min for all gases. H2 adsorption was carried out at 100 °C and oxygen titration at 400 °C. 
The catalyst sample (14.96 mg) was placed in a quartz U-shape microreactor and reduced at 400 °C 
(at a ramping rate of 10 °C/min) for 12 hrs using 10% H2 in Ar and Ar as a carrier gas. He was used 
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to purge the sample at 400°C for 2 hrs, to remove the physisorbed H2 and chemisorbed H atoms and 
then cooled to ambient temperature under He flow. The gases were changed such that the analytical 
gas (10% H2/Ar) passes through the loop and Ar as the carrier gas, while the temperature is raised to 
the adsorption temperature 100 °C (at 5°C/min). At this temperature, the catalyst was kept under a 
constant flow of Ar gas to facilitate desorption of the residual chemisorbed hydrogen pending the 
reversal of the TCD signal to the baseline before recording starts. The injection of analytical gas (10% 
H2/Ar)  was carried out one pulse every 0.2 seconds and a return to baseline (or 2 min wait) before 
the next injection, until no further changes in signal intensity of outlet 10% H2/Ar injected to the 
reactor (peaks are equal or 10 times) is recorded. 
After H2 chemisorption, oxygen titration was performed on the fresh catalyst. It was reduced at  
400 °C (at 10 °C/min) for 12 hrs using 10% H2 in Ar gas. He was then used to purge the sample at 
the activation temperature for 2 hrs. The gases were changed such that the analytical gas (10% O2/He) 
passes through the loop and He used as the carrier gas. The catalyst was kept under a constant flow 
of He to desorb the residual chemisorbed hydrogen pending the reversal of the TCD signal to the 
baseline before recording starts. The sample was re-oxidised using pulses of the analytical gas (10% 
O2/He) injected one pulse every 0.2 seconds and a return to baseline (or 2 mins wait) before the next 
injection. This continues until no further consumption of O2 (peaks are equal or 10 times) is recorded. 
The oxygen uptake was used to calculate the reduction degree. 
The surface chemisorption stoichiometry of Ru metal particles (Rum) was assumed from equations 
3.11 and 3.12. The moles of oxygen consumed was used to calculate the fraction reduced by 
comparing to the theoretically expected value, by assuming the complete oxidation of metallic Ru to 
RuO2, the stable oxide of ruthenium. The oxygen titration calculations were summarized in equations 
3.13 to 3.15.71, 72c, 76, 78a, 79- 82 
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5.2.3 Catalytic Evaluation on Fischer-Tropsch Synthesis (FTS) 
A fixed-bed micro-reactor, fitted with a thermocouple in direct contact with the catalyst bed was used 
for the catalytic evaluation. The reactor was also fitted with two downstream knock-out pots to enable 
the collection of liquid products formed. The study on the effect of temperature on the reaction was 
carried out at 20 bars and 160 – 260 °C, while the effect of reaction pressure was carried out from 1 
to 20 bars at 230 and 250 °C. Syngas (with an H2/CO ratio of 2:1) was fed to the reactor at a flow rate 
of 7.665 NmL/min. The reactant gases flow rates were controlled by an Aalborg mass flow controller 
(GFC 17 model, with the flow range of 0 – 500 mL/min). 
1 g of catalyst sample was activated in 5% (v/v) H2 in Ar gas mixture using a flow rate of 30 mL/min. 
Simultaneously, at atmospheric pressure, an increase in the temperature was carried out (from 
ambient to 255 °C) and maintained at this temperature for 15 hrs. After the catalyst reduction, the 
reactor was set at 170 °C and the pressure increased to 20 bars by feeding syngas to the reactor at a 
space velocity of 0.46 nl·h−1·g−1cat at STP. The first reaction data were collected after 12 hrs on 
stream to ensure stabilised steady-state conditions. 
Analysis of the reactant gases and products were carried out online using a Dani Master GC equipped 
with a flame ionization detector (FID) and TCD respectively connected to a Supel-Q Plot fused silica 
capillary column (30 m × 0.32 mm) used for the analysis of hydrocarbon products and a 60/80 
Carboxen 1000 column (15 ft × 1.8 in × 2.1 mm) to separate H2, CO, N2, CH4 and CO2. Clarity 
software was used to process the chromatographs after analysis. 
5.3 Results and Discussion 
Ruthenium nanoparticles were synthesised by chemical reduction of ruthenium trichloride hydrate to 
produce zero valent metal colloids in organic media.28 This synthesis was achieved with an 
octylamine ligand to stabilise the nanoparticles.83 This method was preferred due to the controllable 
size and shape of the nanoparticles.84 
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A procedure similar to what was reported by Zhao et al.67 was used for the mesoporous silica (SBA-
15) synthesis. Utilizing the non-ionic triblock copolymer P123 as the structure directing agent as well 
as tetraethyl orthosilicate in a strong acidic media to facilitate the precipitation of the gel for the 
synthesis of mesoporous support. 
5.3.1 Characterisation Results 
5.3.1.1 X-ray Diffraction (XRD) Analysis  
The low angle (2-θ range from 0 to 10°) X-ray diffraction patterns shown in Figure 22a (i) does not 
clearly show the reflections of the two-dimensional hexagonal (p 6 mm) long-range ordering of the 
system at ∼1° and 2°, which are characteristic of the hexagonal structure. However, after the 
incorporation of the Ru nanoparticle in Figure 22a (ii), they become more visible, due to the enlarged 
unit cell. This also suggests that the support pore structure was slightly altered after the incorporation 
of the nanoparticles. 
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Figure 22: a) small angle, b) wide-angle XRD patterns for support, fresh and spent 0.05% Ru/SBA-15 catalyst. 
 
The wide-angle XRD analysis of the fresh and spent 0.05% Ru/SBA-15 catalyst sample shows a 
broad peak at 2θ between 15 and 35° (Figure 22b) which indicates the amorphous nature of the 
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support.67c, 85 The XRD pattern for the spent catalyst indicates that the catalyst structure was not 
altered during the reaction. The absence of a diffraction peak for Ru is the result of the small-sized 
ruthenium nanoparticles embedded in the support pores. 
5.3.1.2 BET Analysis  
The isotherms of both the blank support and catalyst samples, shown in Figure 23a, exhibited a Type 
IV isotherm with H1 hysteresis loop69 at the adsorption-desorption isotherms. This is typical of 
mesoporous materials (pore diameter range of 20 to 500 Å) with 1D cylindrical channels.10, 69, 86 The 
isotherms displayed an inflexion between P/P0 range of 0.40 and 0.8, attributed to “capillary 
condensation” in uniform mesopores.67b, 69  
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Figure 23: BET a) Isotherm plot, b) pore size distribution, for support, fresh and spent 0.05% Ru/SBA-15 
catalyst.  
After impregnation with ruthenium, the porous structure of the mesoporous silica remained intact, as 
can be seen from the isotherm plot, even on the spent catalyst. The introduction of ruthenium on the 
SBA-15 support resulted in a significant decrease in BET surface areas, from 661 m2/g for a blank 
support to 270 m2/g for the fresh catalyst, and 236 m2/g for the spent catalyst. Pore volumes also 
decreased from 0.66 cm3/g for the support to 0.42 cm3/g for the fresh catalyst, and 0.35 cm3/g for the 
spent catalyst. From Figure 23b, it can be seen that the average pore diameter didn’t change and 
remained between 3.9 – 4.3 nm. The pore channel was still accessibility, even after incorporation of 
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Ru nanoparticles because of their small size. These data suggest a blockage of support pores by 
ruthenium nanoparticles.57 The BET surface area, the distribution of the pore sizes and pore volume 
values are reported in Table 4. 
Table 4: BET analysis data for the blank support, fresh and spent 0.05% Ru/SBA-15 catalyst.  
Material Sample 
BET Surface Area 
(m2/g) 
Pore Volume (cm3/g) 
Average Pore width 
(nm) 
SBA-15 661 0.66 4.2 
fresh 0.05% Ru/SBA-15 270 0.42 4.3 
spent 0.05% Ru/SBA-15 236 0.35 3.9 
 
5.3.1.3 Temperature Programmed Reduction (TPR)  
The TPR profile for the 0.05% Ru/SBA-15 catalyst is shown in Figure 24. It depicts two reduction 
peaks at temperature ranges of 100 – 200 °C and 400 – 600 °C, which are further deconvoluted as 
four peaks with peak centres at roughly 125 °C, 145 °C, 467 °C, and 499 °C.  
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Figure 24: TPR pattern of 0.05% Ru/SBA-15 catalyst. 
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The first two low-temperature peaks (1 and 2) are ascribed to the reduction of RuO2 to metallic Ru
0.87, 
88 The high-temperature peaks (3 and 4), can be attributed to the reduction of highly dispersed RuO 
located inside the mesoporous silica support matrix and having a strong metal-support interaction 
(SMSI).88-91 Based on these data, a temperature of 250 °C was selected as the reduction temperature 
for the 0.05% Ru/SBA-15 catalyst before the FTS reaction. 
5.3.1.4 Transmission Electron Microscopic (TEM)  
TEM was carried out to determine the morphology of the 0.05% Ru/SBA-15 catalyst. The images, as 
well as the particle size histogram, are shown in Figure 25.  
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Figure 25: TEM micrographs for fresh synthesised (a, b, c) and spent (d, e) catalyst, f) estimated particle size 
histogram for 0.05% Ru/SBA-15 catalyst. 
 
In the TEM images, Figures 25a and d show the long 1D channels of the cylindrical pores, ordered 
in 2D arrays, while Figure 25b shows the highly hexagonal structure of the mesoporous support. This 
shows that the integration of the Ru nanoparticles into the support matrix does not alter the 
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morphology of the support considerably.83 The estimated mean particle size of the Ru nanoparticles 
1.5 ± 0.8 nm from 3203 particles counted from three different micrographs (see an example of one 
micrograph in Figure 25c). From the particle size distribution in Figure 25f, particle ≥ 4 nm can be 
identified, due to the agglomeration of the nanoparticles in solution in the absence of a stabilizing 
agent. 
5.3.1.5 H2 Chemisorption and O2 Titration Measurements  
The dispersion, surface area, and particle size for the Ru metal in the 0.05% Ru/SBA-15 catalyst, as 
determined by H2 chemisorption and corrected through oxygen titration measurements, are reported 
in Table 5.  
Table 5: Chemisorption measurement (physico-chemical properties) for the 0.05% Ru/SBA-15 
catalyst reduced for 12 hrs 
Physico-Chemical Properties Value 
Ru crystallite Size (nm) 1.4 
Active Particle size (nm) 1.7 
Surface Area (m2/g cat) 0.14 
Surface Area (m2/g metal) 291.9 
Dispersion (%) 79.9 
Reduction (%) 89 
Corrected dispersion (%) 89.7 
Corrected Ru crystallite Size (nm) 1.09 
 
The corrected Ru crystallite sizes, assuming a hemisphere obtained from the chemisorption 
experiments, were in agreement with the value (1.5 ± 0.8 nm) obtained from the TEM characterization 
study. When the stoichiometric factor is less than two, more than one hydrogen atom can bind per 
surface metal atom thereby increasing the dispersion value. This could also be a possible direct 
consequence of an interaction between a spilt over hydrogen on the support and the one adsorbed on 
the nanoparticle-sized metal surface, which leads to an apparent strong metal-support interaction 
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(SMSI) state of the catalyst.81, 92 Apart from stabilizing the catalyst, the strong metal-support 
interaction effect will also give rise to a bifunctional site at the Ru-support interface,93 which resulted 
in a good catalytic performance of the catalyst. 
5.3.2 Catalytic Evaluation 
The catalytic activity and selectivity, as evaluated on a conventional lab scale fixed-bed reactor, at 
different process conditions are discussed below.  
5.3.2.1 Effect of Reaction Temperature Variation on Product selectivity at 20 bars 
The effect of reaction temperature on syngas conversion and product selectivity over the  
0.05% Ru/SBA-15 catalysts is shown in Figure 26. In agreement with earlier studies, the reaction 
temperature leads to an increase in the FTS catalytic performance and a shift in selectivity towards 
methane and the lower carbon number products.7, 13, 15-17  
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Figure 26. CO conversion, CH4, CO2 and C5+ products selectivity for 0.05% Ru/SBA-15; T = 180 – 260 °C,  
P = 20 bars. 
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From Figure 26, upon increasing the temperature from 180 – 260 °C, the average CO conversion 
increased from 11.6 – 38.5%. Concomitantly, the undesired methane and CO2 selectivity increased 
from 1.7 – 30.7% and 0 – 1.3% respectively, with CO2, only produced at 250 and 260 °C, while the 
desired C5+ selectivity decreased from 94.5 – 43.5%. The CO2 selectivity measured, starting at 250 
°C, is an indication of some water gas shift activity. From Figure 26, it is evident that while a 
temperature increase gave rise to an increase in CO conversion, it leads to a decrease in C5+ 
selectivity. This result justifies that although high temperatures tend to increase syngas conversion, it 
does not favour the desired C5+ product. 
An Arrhenius plot was generated to estimate the apparent activation energies (Ea) for CO conversion 
and methane formation (Figure 27). The activation energy for CO conversion shows two kinetic 
regimes with a transition temperature of 230 °C, while that of methane formation show one kinetic 
regime.  
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Figure 27. Arrhenius plot (a) CO conversion and (b) methane formation; T = 180 – 260 °C, P = 20 bars. 
 
For CO conversion, the activation energy was calculated to be ca. 17.1 and 57.7 kJ/mol for 
temperature ranges of 180 – 230 °C and 230 – 260 °C respectively. These were considerably lower 
than what is reported in the literature, 96 – 100 kJ/mol.94 However, the value of 57.7 kJ/mol at 
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temperatures between 230 and 260 °C is closer to the lowest computed value of 60 kJ/mol for CO 
dissociation on stepped Ru surface reported in the literature.95 Considering a one-step surface 
reaction, from the best fit line for all temperature range 180 – 260 °C, at 20 bars, the activation energy 
for CO conversion was calculated to be 29.6 kJ/mol, which is lower than previously reported values. 
However, it is close to the value of 30.7 – 31.6 kJ/mol and 35.1 kJ/mol previously reported for CO 
conversion obtained from power-law equations and optimum kinetic models.96  
Given the low activation energy barrier observed, we presume a direct CO insertion chain growth 
mechanism for the catalyst followed by a fast C–O bond cleavage with relatively low activation 
energy.97 This fast CO activation occurring at low temperature compared to methane formation 
(Figure 27b) which is calculated to be ca. 87.2 kJ/mol,95 necessitates the chain growth and selectivity 
towards C5+ hydrocarbons.  
In the adsorbed state, the direct low activation energy for CO activation demands step-edge sites 
which are only feasible on larger particles, due to the weakened CO bond. However, on the surface 
of small nanoparticles, the metal atoms, the topology, and the metal support interaction limit the  
C–O bond stretching to transition state from the ground state. Therefore, dissociating molecular atoms 
in the transition state would not share chemical bonds with surface metal atoms, which would have 
increased their activation energy.95 This can be said to hold true if the metal particles are well 
dispersed in the support matrix such that the dissociating atoms are outside the limits of the C–O bond 
stretching; and there is a weak binding force between the CO and the surface metal atom.98 The weak 
binding force results in a fast C–O bond cleavage and the insertion of appropriate CHx intermediate, 
CO or H2.
 More so, the activation energy barrier for direct C–C bond formation via CHx insertion is 
lower than that for CO insertion provided x < 3.  
When chemical reactions occur on a surface, the rate of mass transfer is in steady state and equal to 
the rate of the reaction. However, this is not the case with FTS reaction because of the network of 
complex reactions, including successive parallel reactions and varying degree of transformations 
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associated with the reaction. A change in temperature may possibly lead to an adjustment in the 
preferred mechanism and reaction pathway, resulting in a shift from a kinetically and internal mass 
transfer (due to pore diffusion) controlled regime to an external mass transfer controlled regime. At 
a low temperature where limited mass transfer resistance is expected, the saturation of the pore will 
give rise to a slow transport of reactants and products to and from the metal catalytic sites thereby 
controlling the rate of primary and secondary reactions. Blockage of the metal surface by CO 
adsorption and the depletion of CO reactants by transport limitation, thereby modifying the product 
selectivity can be assumed to be the reason for the low conversion observed high C5+ selectivity (due 
to α-alkene readsorption) observed for the catalyst.21, 97, 98 
5.3.2.2 Effect of Reaction Pressure Variation on Product selectivity at 230 and 250 °C 
The importance of total syngas pressure variation as a catalyst screening parameter cannot be 
challenged, as it has been useful in ordering the desired products expected in the FTS process. FTS 
catalyst screening at different pressures leads to the occurrence of different phenomena. This is as a 
result of varying concentrations of the component mix, restructuring of catalyst, in addition to 
deactivation. Generally, hydrocarbons that are usually in the gaseous state condenses, as a result, an 
increase in the total pressure of the system from the atmospheric condition: thus necessitating the 
catalyst pores to be saturated by liquid reaction products if carbon monoxide conversions are also 
high.96a, 99 This might affect the rate of fundamental steps in the process, as well as the syngas 
composition concentration. This inhibits CO conversion at high syngas pressures, as a result of the 
different components of the liquid phase in the catalyst pores.96 
In this study, the pressure was varied between atmospheric and 20 bars for two separate temperatures 
(230 and 250 °C). The results in Figure 28 show the influence of operating pressure on the catalytic 
performance of the 0.05% Ru/SBA-15 catalyst in terms of syngas conversion, CO2, CH4, as well as 
C5+ product selectivity. At low total pressure (atmospheric), the CO conversion was low at 11.6 and 
12.9% (for 230 and 250 °C respectively), yielding mainly C5+ products 94.4% (230 °C) and 90.3%  
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(250 °C) typically in the gaseous state.100 Upon increasing the pressure from atmospheric to 20 bar, 
although the CO conversion increased from 11.6 and 12.9% to 17.8 and 30.6%, the C5+ products 
reduced from 94.4 and 91.0% to 75.2 and 54.9% at 230 and 250 °C respectively.  
2 4 6 8 10 12 14 16 18 20
0
10
20
30
40
50
60
70
80
90
100
 
Pressure (bar)
C
o
n
v
e
rs
io
n
/S
e
le
c
ti
v
it
y
 (
%
)
C5+ selectivity, 230 C
C5+ selectivity, 250 C
CO conversion, 230 C
CO conversion, 250 C
CH4 selectivity, 250 C
CH4 selectivity, 230 C
CO2 selectivity, 250 C
 
Figure 28. CO conversion, CH4, CO2 and C5+ products selectivity, 0.05% Ru/SBA-15; T = 230 and 250 °C,  
P = 1 – 20 bars. 
 
The results at 20 bar when compared to the data at atmospheric pressure, suggest that the catalyst 
selectivity to the C5+ product is more at lower total pressure. The undesired product, CH4, was more 
sensitive to the increase in reaction pressure, increasing from 4.2 to 9.9% at 230 °C and from 8.1 to 
21.4% at 250 °C. On the other hand, an increase in reaction pressure does not have a substantial effect 
on CO2 product selectivity at 230 °C; it remained at 0%, whilst at 250 °C it was only detected at 15 
bar (1%) and did not increase substantially at 20 bar (1.1%). Although the consumption rate of the 
syngas was low at lower pressures (<10 bars), the CH4 product selectivity was seen to have increased 
more rapidly, while the C5+ product selectivity decreased at pressures between 1 – 10 bars, compared 
to pressure ≥ 10 bars. This is an indication of the sensitivity of the consumption rate and product 
selectivity to low pressures using this catalyst. 
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Table 6 shows a comparison of the FTS performance of the 0.05% Ru/SBA-15 catalyst with similar 
Ru catalysts incorporated on various supports, with different weight loading percentage. Depending 
on the objective, synthesis mode and characterization done, researchers have given different 
explanations for the observed performance of their catalysts. These range from structure sensitivity, 
intrinsic metal−support interaction, reducibility, to the electronic/oxidation states of Ru particles on 
various supports. Particle size effect, the acidity of support, dispersion and distribution, pore size and 
shape, as well as diffusion enhanced secondary reactions have also been used to explain the observed 
catalytic activity. 
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Table 6: Comparison of catalytic performance with related Ru catalysts incorporated in different supports reported in the literature. 
CNT* = CNT pre-treated with HNO3; ZMS* = H-ZSM-5, meso-ZSM-5, H-meso-ZSM-5, TW = this work.  
Support Ru particle 
size (nm) 
Loading 
wt. (%) 
Mass Temp. 
(°C) 
Pressure 
(bar) 
rCO (103 
mol/gcat/h) 
Dispersion 
(%) 
CO Conv. 
(%) 
CH4 Sel. 
(%) 
C5+ Sel. 
(%) 
CO2 
Sel. (%) 
Ref. 
SBA-15 1 0.05 1 180 20 0.73 89.7 11.6 1.7 94.5 0 TW 
SiO2 – 4 1 180 1  8.5 10 – – – 101 
SBA-15 1 0.05 1 200 20 0.83 89.7 13.3 2.3 92.53 0 TW 
SiO2 1.7 × 105  10.6 (1.8) – 203 5.6 
900 (468) 22 (8.2) 
45–60 4.2 (8.1) 
89.1 
(71.6) 
– 21b,c 
Al2O3 1.7 × 105 5.1  203 5.6 12600 25 45–60 5 88 – 21b,c 
TiO2 1.7 × 105 0.9-4.8  203 5.6 1512-2700 26-60 45–60 3-5 84-89 – 21b,c 
WC(A) 0.13 1 2.7 200 20 4.4  15 8.4 87 0 97b 
WC(B) 0.49 1 2.4 200 20 ~0.3  ~1 34.2 28.4 0 97b 
SBA-15 1 0.05 1 210 20 0.9 89.7 14.5 3.6 86.9 0 TW 
Al2O3 0.8 1.05 – 208 35 0.09  8–11 6–10 – 40–45 102 
Al2O3 3–7 1.12 – 208 35 0.05  16–18 2.5 – <2 102 
SBA-15 1 0.05 1 230 20 1.1 89.7 17.9 10.2 74.1 0 TW 
TiO2 1.7 – 0.2 230 20 2.4  4.2 9.8 72.2 – 103 
CeO2 1.6 – 0.2 230 20 2.2  3.8 4.7 76.7 – 103 
C 1.5 – 0.2 230 20 2.8  4.9 21.7 63.2 – 103 
SBA-15 1 0.05 1 240 20 1.4 89.7 23.1 15.1 62.8 0 TW 
SBA-15 2.8–5.7 3.25–3.99 0.1 235 10 28.9-50.3  – 22.9–38.6 43.2–60.3 – 104 
SBA-15 1 0.05 1 250 20 1.9 89.7 30.6 21.4 54.1 1.03 TW 
Al–SBA-15 1.7-6.4 4 0.5 250 10  24.2-89.1 24.7–35.7 16.3–30.1 56.5–72.4 – 87a 
SBA-15 1 0.05 1 260 20 2.4 89.7 38.5 30.6 43.5 1.3 TW 
SiO2 4.3 3 0.5 260 20   32 6.8 83  105a 
TiO2 7.5 3 0.5 260 20   20 14 47.7  105a 
ZrO2 5.6 3 0.5 260 20   22 8.4 55  105a 
MgO 5.4 3 0.5 260 20   3 15 40  105a 
NaY 7.5 3 0.5 260 20   23 11 75.9  105a 
HY 7.2 3 0.5 260 20   25 12 75  105a 
H-beta 5.5 3 0.5 260 20   24 13 66  105a 
AC 2.4 3 0.5 260 20   11 20 60  105a 
graphite 5.9 3 0.5 260 20   20 2.9 85.8  105a 
CNT 6.3 3 0.5 260 20 85-139  16-64 34 8.3 82.9  105a 
CNT* 2.3-9.2 3 0.5 260 20 85-139  16-64 32-37 8.3-13 72.4-82.5  105a 
ZSM* 6.5-7.7 3 0.5 260 20  18-23 24.6-33 5.6-15 47.9-79.5  105b 
Chapter 5. Fischer–Tropsch Synthesis on Low Metal loaded Ru-SBA 15 Nanocatalyst…    150 
150 
 
Long et al.101 observed a conversion of 10% over 4% ruthenium supported on silica (180 °C, 1bar), 
using vinylic probes. The vinylic species are readily incorporated into alkane/alkene products, thereby 
increasing the hydrocarbon formation rate, due to secondary alkene readsorption. Iglesia et al.21b,c 
reported a conversion of 45 – 60% (203 °C, 5.6 bars) over SiO2, TiO2 and Al2O3 supported Ru 
catalysts with different loading. They found the rate of CO hydrogenation to have increased with an 
increase in the Ru dispersion, negligible of the dispersion and support on the reaction rate. The metal-
support interaction was believed to be have been destroyed by the water produced during FTS. The 
differences observed in selectivity to C5+ hydrocarbons (> 80%) was attributed to differences in the 
density of Ru sites and the structure of the support, and that the high molecular weight hydrocarbons 
synthesis is not strongly dependent on Ru crystallite or the identity of the metal oxide support. This 
is reflected in the transport restriction enhanced readsorption of alkenes, due to high coverages of 
chemisorbed CO on the sites, rather than intrinsic chain growth kinetics modifications. Griboval-
Constant et al.97b reported a max conversion of 15% (200 °C, 20 bars) over 1% Ru/WC catalysts. The 
formation of Ru-W solid solution (alloying) even at low temperatures, was said to be responsible for 
the low activity observed on Ru/WC(B) catalyst. However, the dispersion is responsible for the high 
activity of Ru on WC(A), which greatly enhanced the chain growth of hydrocarbons. A conversion 
of between 8 – 18 % (208 °C, 35 bars) with 0.8 – 7 nm ruthenium particles supported on Al2O3 was 
reported by Abrevaya.102 The apparent water–gas–shift activity exhibited by the highly dispersed 0.8 
nm sized ruthenium was explained by the low CO dissociation efficiency and the ability to dissociate 
the water molecule. An accompanying ruthenium agglomeration was believed to be responsible for 
the increase in the selectivity to higher hydrocarbons and chain growth probability. The observed 
differences in catalytic behaviour of the catalysts were attributed to differences in the capability of 
the catalysts to dissociate the CO molecule, which was higher on the 3 – 7 nm ruthenium particles 
catalyst. 
Koh et al.103 reported a conversion of 3.8 – 4.9 % (230 °C, 20 bars) over CeO2, TiO2 and C supported 
3.6% Ru catalysts. The observed change in catalytic activity was ascribed mostly to the degree of 
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reduction, support-type, and the strong metal−support interaction. The partly reduced ruthenium 
particles due to SMSI varied the adsorption strength between the active Ru metal and the CO 
molecules, hence altering the product distribution. Xiong et al.104, on the other hand, found the pore 
size of their catalysts to significantly affect the catalytic activity (235 °C, 10 bars), due to diffusion 
hindrance or enhancement of reactants and products in and out of the pore and that the effect owing 
to Ru particle size and other parameters is minimal. 
Chen et al. 87a reported a conversion of 24.7 – 35.7 % (250 °C, 10 bars) over Al-SBA-15 supported 
4% Ru catalysts with particle sizes ranging from 1.7 – 6.4 nm. They opined that the observed catalytic 
activity depended on dispersion Ru, while the hydrocarbons selectivity’s were mainly determined by 
the catalysts acidity, accredited to the inherent ability of the acid sites on the supports to intercept the 
primary α-alkenes formed on the FTS active sites. Kang et al.105a reported conversion of 3 – 40 % 
(250 °C, 20 bars, CO:H2 = 1) over various material supported 3% Ru catalysts. The pre-treatment of 
CNT was seen to have played a vital role in shaping the product distributions. They observed Ru 
particles were less active in the FT synthesis reactions compared to larger ones below 6 nm. They 
demonstrated the dependence of activity and product selectivity on the size of Ru particles, but 
provided no definite explanation for this observation. In another work, the authors’ used modified 
zeolites supported ruthenium catalyst and reported a conversion of 24.6 – 33 % (250 °C, 20 bars, 
CO:H2 = 1). They found that mutually, the distinctive acidity and mesoporous structure of the meso-
ZSM-5 play a crucial role in tuning the product selectivity.105b  
Considering the metal loading used in the synthesis of 0.05% RuSBA-15 catalyst, the activity of the 
catalyst gave a comparable conversion and enhanced C5+ selectivity at lower temperatures  
(180 – 230 °C), the region where the reaction was controlled by kinetic and internal mass transfer. 
This was ascribed to the limited mass transfer resistance and the saturation of the pore which led to 
increased α-alkene readsorption on growing chains. The drop in C5+ selectivity at higher temperatures 
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was assumed to be as a result of a shift in preferred surface chemistry and reaction pathway, due to 
partial reoxidation of the small-sized Ru nanoparticles.  
5.3.2.3 TOS and Deactivation 
Operating conditions, physical properties as well as the loss of catalysts active sites usually impact 
on the life of a catalyst, resulting in the deactivation of catalysts during laboratory experiments over 
a long period.54 This deactivation which affects reaction rates and products selectivity has been 
attributed to a number of factors, ranging from catalyst poisoning to water and hydrogen interaction. 
Over a period of approximately 2398 hrs on stream, the catalyst activity was fairly stable, indicating 
a negligible deactivation.  
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5.4 Conclusion 
The synthesis of sub 2 nm range Ru nanoparticles and SBA-15, as well as the subsequent 
incorporation of the Ru particles on the SBA-15 support matrix, was successfully carried out. The 
characterization carried out, provided confirmation of the retained ordered mesoporous structure of 
the material, after the incorporation of Ru nanoparticles. The partially reduced, well dispersed Ru 
catalyst showed good catalytic activity for FTS reaction, with CO conversions of between 11.6 and 
38.5% due to the strong metal–support interaction. The high methane selectivity with increasing 
temperature, usually observed in Ru-based catalysts, is an indication of the catalyst re-oxidation at 
those high temperatures, which impacted on the C5+ selectivity. The high selectivity towards C5+ 
hydrocarbons at lower temperatures is as a result of an easy CO dissociation on the Ru cluster, 
attributed to SMSI and the high volumetric site density. This led to a possible secondary reaction of 
alkenes through chain growth mechanism, by favouring a reversal of chain termination steps through 
a diffusion-limited readsorption of α-alkenes.21a, 106 The performance is as a result of the well-
dispersed small nanoparticle intimate interaction with the support. The low CO2 produced shows this 
is a possible route that can be taken to make the process more efficient and reduce its emissions, in 
order to promote sustainability. The low activation energy observed for the catalyst indicates it’s a 
good catalyst for the FT process and can be improved upon.  
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Chapter 6: 
Small Metal Loading Effect on the Catalytic Performance of  
SBA-15 Supported Ru Nanocatalyst 
6.1 Introduction 
The Fischer-Tropsch synthesis (FTS) reaction relies on the potential of CO to exchange oxygen with 
hydrogen when a suitable catalyst is present, to produce a mixture of hydrocarbons.1-3 Amongst the 
traditional Fischer-Tropsch (FT) catalysts (Fe, Co, Ru or Ni), ruthenium is the most active with the 
ability to yield long-chain hydrocarbons even at low reaction temperatures.1, 4, 5 The low vulnerability 
of ruthenium to poisons such as H2O and CO, coupled with its wide range of oxidation states makes 
it a good catalyst for lab-scale evaluation of the FTS process.5, 6 Supported Ru catalysts have 
performed very well as an FT catalysts, with low variation in CO2 selectivity.
7-9 Therefore the FT 
industry will benefit if a low loaded ruthenium catalyst which possesses good performance compared 
to the cobalt and iron based FT catalysts currently in use, is readily availability. 
The catalytic performance is strongly related to reaction conditions. This subsequently affects the 
transportation and diffusion of reacting species and products between the gas-liquid interface, thereby 
influencing the conversion and product selectivity.1, 2, 10-12 
The FTS reaction rate is reported to be proportional to metal dispersion and reducibility, with greater 
reducibility of the metal, suggesting a higher activity per metal site.9, 13-15 A uniform high dispersion 
provides better morphology based control and can result in increased surface-specific activity and 
turnover frequency for the catalyst.16 High activity per unit catalyst volume can also be realised by 
decreasing the average particle size of the metal.12, 14a, 17 
The significance of metal loading and the precursor used in catalyst preparation, which may possibly 
affect the dispersity and crystallite size, and subsequently influence the catalytic performance have 
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been highlighted in the literature.7a, 9, 15, 18 The improved performance of catalysts with higher loading 
have been attributed to particle size effect, due to increased crystallite size.15a, 19 As the metal loading 
is increased, the metal cluster gradually grows to cause a change in the degree of interaction between 
the metal and support, leading to a decrease in dispersion and an increase in the reducibility of the 
catalyst.9, 15b, 19b 
The objective of this research is to determine the FTS performance of well dispersed SBA-15 
supported Ru nanocatalysts, with small metal loadings. Two low loaded Ru/SBA-15 catalysts were 
prepared by chemical reduction of the metal salt and subsequently incorporated into the support 
matrix by incipient wetness to give 0.05 and 0.22 wt% Ru. The catalysts were characterized and 
evaluated for FTS activity. 
6.2 Experimental 
6.2.1. Materials 
All chemicals were of reagent grade and used as received from Sigma-Aldrich and Rochelle 
Chemicals (RSA). They include Ruthenium trichloride hydrate (99.98% trace metals basis), tetraethyl 
orthosilicate (99%), P123 (PEG, 30 wt. %), octylamine (99%), sodium borohydride (≥ 96%), absolute 
ethanol (99.95%), methanol (99.95%), n-pentane (95%) and concentrated HCl (32%). The gases are 
of ultra-high-purity (UHP) and were purchased from Afrox (Linde group, South Africa). The 
synthesis gas composition is 30.6% CO, 59.7% H2 and 9.7 % N2 (as internal standard). 
6.2.2 Catalyst Preparation/synthesis and Characterisation 
Synthesis of the mesoporous support material (SBA-15) was as accomplished by using a method 
similar to that outlined by Zhao and co workers20 and detailed in previous work.21 Utilizing non-ionic 
triblock copolymer P123 to direct the structure, and tetraethyl orthosilicate to expedite the 
precipitation of the gel for the synthesis of mesoporous support, in a strong acidic media. 
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The synthesis of ruthenium nanoparticles by chemical reduction of ruthenium trichloride hydrate to 
produce zero valent metal colloids octylamine ligand to stabilise the nanoparticles was achieved.22, 23 
Due to controllability of the size and shape of the nanoparticles, this method was preferred.24 
The ruthenium nanoparticle solutions were prepared by dissolving RuCl3∙3H2O (67.9 mg, 0.3 mmol 
and 106.8 mg, 0.4 mmol) in ethanol (20 cm3). Octylamine (541 μL, 4.2 mmol and 896 μL,  
7.0 mmol) was added to the respective solutions and left to stir continuously under inert conditions 
in a Schlenk tube for 24 hrs. A solution of NaBH4 was prepared by dissolving 282 mg (7.5 mmol) in 
a mixture of methanol (5 cm3) and ethanol (20 cm3). The reduction was achieved by the gradual 
addition of 5 cm3 of the NaBH4 solution 10 mins apart to the mixtures five times and left under 
continuous stirring for 10 hrs after the last addition for effective reduction of the salt to the metal 
colloid. Pentane was added to provide an organic phase, then the solution was washed with water. 
The collected organic phase was used for the catalyst synthesis, by adding measured amounts (3.41 
and 1.54 g) of the synthesised SBA-15 to the octylamine protected ruthenium nanoparticle solutions 
while stirring to facilitate the integration of the nanoparticle into the synthesised support. The 
resulting catalysts were vacuum filtered, dried and characterised, using ICP, XRD, BET, TPR, TEM, 
and chemisorption analyses methods. The metal loading of the catalyst as determined by ICP–OES 
and ICP–MS methods were 0.05 and 0.22 wt. % Ru.  
A Rigaku MiniFlex 600 equipped with a Cu Kα1 (λ = 0.1542 nm) radiation source, 40 kV/15 mA 
power, a scanning rate of 0.2 °/min and 1.0 °/min was used to record the XRD patterns for small and 
wide-angle measurements respectively. BET was determined by N2 adsorption-desorption isotherms, 
using a Micromeritics accelerated surface area and porosimetry (ASAP 2460, V2.01) system. By 
means of the BJH model,25 the distribution of the pore sizes were determined from the desorption 
stem of the isotherms. 
The reducibility of the catalysts was determined by H2-TPR using a Micrometrics AutoChem II 2920 
(V4.03) instrument. By pre-treating about 0.05 g of the catalyst samples with a high purity flowing 
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Argon (Ar) at 150 °C for an hour. It was subsequently cooled to 32 °C before a 10% H2/Ar was passed 
through the catalysts in the U-shaped reacting tube at a measured flow rate of 50.14 cm³ STP/min. 
The temperature was at that point raised from 32 °C up to 900 °C (at 10 °C/min) to monitor hydrogen 
(H2) consumption rate with the utilization of a thermal conductivity detector (TCD). 
A TEM JEOL-JEM 2100 analyser, operating at 200 kV and a beam current of 101.6 µA was used to 
examine the morphology of the catalysts. Dried droplets of a sonicated suspension (dispersed in 
ethanol) of the catalyst samples on a copper grid were used for analysis. By manually computing the 
particles from the TEM images, the size distribution histogram for the catalysts were obtained. 
Metal dispersion and cubic crystallite sizes were determined by pulse H2 chemisorption and oxygen 
titration measurements,9, 26-35 using a Micromeritics AutoChem II 2920. Preceding the experiments, 
the sample loop was calibrated with pulses of nitrogen in helium flow. The signal generated was 
compared with the one generated from a 0.5 mL injection of nitrogen into helium flow, using a gas-
tight syringe. This gave an active injection loop volume 0.03201 cm3 STP at 110.9 °C. The catalysts 
were reduced at 400 °C (at 10 °C/min) for 12 hrs, prior to the measurements. H2 adsorption was 
conducted at 100 °C, and oxygen titration at 400 °C, using a gas flow rate of 50 mL/min.  
For chemisorption analysis, 10% H2/Ar was used as the analytical gases. The 14.95 mg catalyst 
sample was placed in the U-shaped quartz microreactor and reduced at 400 °C (ramped at 10 °C/min) 
for 12 hrs using 10% H2 in Ar. The sample was purged at 400°C for 2 hrs and then cooled to ambient 
temperature under He flow. The gases were changed back to the analytical gas (10% H2/Ar) with Ar 
as the carrier gas, while the temperature is raised to the adsorption temperature 100 °C (at 5°C/min). 
At this temperature, the catalyst was kept under streaming argon to desorb the rest of the chemisorbed 
hydrogen pending the coming back of the TCD signal to the baseline before recording starts. The 
injection of analytical gas (10% H2/Ar) was carried out one pulse every 0.2 seconds and a return to 
baseline (or 2 mins wait) before the next injection, until no further changes in signal intensity of outlet 
10% H2/Ar injected to the reactor (peaks are equal or 10 times) is recorded. 
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Oxygen titration on a fresh catalyst was carried out using 10% O2/He, following the same reduction 
and purging steps stated above. After which the analytical gas was changed to 10% O2/He passes. 
Recording started after the TCD signal returned to the baseline, the injection was carried out one 
pulse every 0.2 seconds and a return to baseline (or 2 mins wait) before the next injection. This was 
repeated until no further changes in signal intensity of outlet gas injected into the reactor (peaks are 
equal or 10 times) is recorded.  
The ruthenium surface chemisorption stoichiometry was assumed from equations 3.11 and 3.12 
supposing the oxidation of metallic Ru to RuO2. The fraction reduced was calculated from oxygen 
titration, where the oxygen absorbed (mol) is matched with the expected theoretical value. The 
calculations are summarized in equations 3.13 to 3.15. 27, 28c, 32, 34a, 35- 38 
6.2.3 Catalytic Evaluation for Fischer-Tropsch Synthesis (FTS) Activity 
The catalytic evaluation was carried out in a downflow fixed-bed reactor, fitted with two knock-out 
pots, mounted downstream of the reactor to enable the collection of liquid products formed. The 
syngas feed to the reactor was at a measured flow rate of 7.644 NmL/min, which was controlled by 
an Aalborg mass flow controller (GFC 17 model), with a flow range of 0 – 500 mL/min. The study 
on the effect of temperature variation (180 – 250 °C) was conducted at 20 bars, while the effect of 
reaction pressure variation (1 – 20 bars) was carried out at 230 °C. 
The catalyst samples, 1 g, were activated at atmospheric pressure using 5% H2/Ar gas mixture at a 
flow rate of 30 mL/min. Concurrently, the temperature was increased from ambient to 255 °C and 
maintained at 255 °C for 15 hrs. After the reduction of the catalysts, syngas was fed to the reactor 
under conditions of 180 °C, 20 bars. To ensure stabilised steady-state conditions were attained, the 
FTS activity and selectivity measurements were carried out at least after 12 hrs. 
A Dani Master GC equipped with an FID and a TCD was used for the analysis of the outlet gases 
from the reactor (reactant gases and products), using two columns. A Supel-Q Plot fused silica 
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capillary column (30 m × 0.32 mm) coupled to the FID, used for the analysis of the hydrocarbon 
products, and a 60/80 Carboxen 1000 column (15 ft. × 1.8 in × 2.1 mm) coupled to the TCD used to 
separate H2, CO, N2, CH4 and CO2. Clarity software was used to process the chromatographs after 
analysis. 
6.3 Results and Discussion 
6.3.1 Characterisation Results 
6.3.1.1 X-ray Diffraction (XRD) Analysis  
The 2-D hexagonal (p 6 mm) long-range ordering reflection at ∼1° and 2° characteristic of the 
hexagonal structure is not visible at a low angle before the incorporation of the Ru nanoparticle, 
Figure 29a (i and iv). However, they become more visible, due to the enlarged unit cell. The wide-
angle XRD analysis of the catalyst samples shows a broad peak at 2θ between 15 and 35° (Figure 
29b) an indication of the amorphous nature of the support.20c, 39  
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Figure 29: a) small angle, b) wide angle XRD patterns for 0.05% and 0.22% Ru/SBA-15 catalysts. 
 
The XRD pattern of spent catalysts indicates that the catalyst structure was not altered considerably 
during the reaction. Due to the small loading of the implanted small-sized ruthenium nanoparticles in 
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the support pores, the diffraction peak for Ru is not visible for the 0.05% Ru/SBA-15 catalyst Figure 
29b (iii). However, due to higher loading content, it became visible on the 0.22% Ru/SBA-15 catalyst 
Figure 29b (ii). The sharp wide-angle peaks at 37.88°, 44.1°, 77.38°, 81.52° in Figure 29b (ii), confirm 
the crystalline nature and corresponds to cubic crystal structured 100, 101, 103 and 112 phases of 
Ru0. (JCPDS card # 06-0663 and 04-0836). The absence of diffraction peak for the spent catalyst 
Figure 29b (iv) could be attributed to the presence of residual heavy hydrocarbons (wax) in the 
catalyst pores after the reaction. The catalysts was not subjected to solvent extraction (for the residual 
wax, as it will destroy/alter the catalyst morphology) before the analysis, and as such, the heavier 
HCs film over the active metals would statistically reduce the amount of metal crystals irradiated.  
6.3.1.2 BET Analysis  
The physical properties before and after the introduction of ruthenium on the SBA-15 support is 
shown in Table 7. The adsorption-desorption isotherms of the catalyst samples in Figures 30a show 
a Type IV isotherm with H1 hysteresis loop characteristic of mesoporous materials with 1D 
cylindrical channels.25, 40, 41 The inflexion displayed between P/P0 range of 0.4 and 0.6, is attributed 
to capillary condensation in uniform mesopores.20b, 25 The pore structure of the mesoporous material 
remained intact after Ru impregnation but resulted in a significant decrease in BET surface area and 
pore volume for the support.  
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Figure 30: a) BET Isotherm plot and (b) pore size distribution for 0.05% and 0.22% Ru/SBA-15 catalysts. 
 
From Figures 30b, the average pore diameter did not change significantly before the incorporation 
and after the reaction, it remained at ~ 4 nm. The pore channel was still accessible after incorporating 
Ru into the support matrix because of the small size of the Ru nanoparticles. The data also suggest 
that the support pore structure was slightly altered after the incorporation due to a filling of the support 
pores by ruthenium nanoparticles.25 
Table 7: Physical properties of support and catalysts before and after Ru incorporation. 
Sample SBET 
(m2/g) 
Pore Volume  
(cm3/g) 
Pore diameter  
(nm) 
SBA-15 659.7 0.66 4.2 
fresh 0.05% Ru/SBA-15 269.6 0.42 4.3 
spent 0.05% Ru/SBA-15 235.8 0.35    3.8 
fresh 0.22% Ru/SBA-15 309.9 0.38 3.9 
spent 0.22% Ru/SBA-15 266.4 0.37 3.5 
 
6.3.1.3 Temperature Programmed Reduction (TPR)  
The TPR profile for the catalysts is shown in Figure 31, representative of two H2 adsorption sites 
(reduction peaks), appearing at low and high temperatures respectively.  
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Figure 31: TPR pattern of (a) 0.05% Ru /SBA-15, and (b) 0.22% Ru /SBA-15 catalysts. 
 
The 0.05% Ru/SBA-15 catalyst (Figure 31a) depicts two reduction peaks at temperature ranges of 
100 – 200 °C and 400 – 600 °C, deconvoluted into four peaks with peak centres at 126, 158, 467, and 
538 °C. The 0.22% Ru/SBA-15 catalyst (Figure 31b) presents two sharp reduction peaks at  
110 – 160 °C and 410 – 520 °C with peaks centred at roughly 138 °C and 460 °C. The relative 
intensity of the first reduction peak dropped, while that of the second peak increased considerably 
with an increase in Ru loading. The peak shoulders also disappeared, thereby bring about a shorter 
tailing, suggestive of a higher reducibility.15c The low-temperature peaks are ascribed to the reduction 
of RuO2 to metallic Ru
0,42, 43 while the high-temperature peaks, can be credited to the reduction of 
RuO, located within the support matrix of the mesoporous material.18b,43-45 
6.3.1.4 Transmission Electron Microscopic (TEM)  
The TEM images from the characterization carried out to determine the morphology of the catalysts, 
as well as the particle size histogram, are shown in Figure 32. In the TEM images, Figures 32a and d 
show the long 1D channels of the cylindrical pores, ordered in 2D arrays, while Figures 32b and e 
show the highly hexagonal structure of the mesoporous support. Indicating the morphology of the 
support was not considerably altered by the integration Ru nanoparticles into the support matrix.23 
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The estimated mean particle size of the Ru nanoparticles for the 0.05% Ru/SBA-15 catalyst (Figure 
32c) is 1.3 ± 0.5 nm (from 1215 particles counted), and for the 0.22% Ru/SBA-15 catalyst (Figure 
32f) is 1.4 ± 0.7 nm (from 1386 particles counted). Particles ≥ 4 nm can be recognised from the 
particle size distribution, owing to Ru nanoparticles agglomeration in the ethanol solution (due to the 
absence of a stabilizing agent). 
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Figure 32: TEM micrographs (a, b, c) and g, size histogram for 0.05% Ru/SBA-15 catalyst, (d, e, f) TEM 
micrographs and h, estimated size histogram for 0.22% Ru/SBA-15 catalyst. 
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6.3.1.5 H2 Chemisorption and Oxygen Titration Measurements 
The dispersion, surface area, and particle size for the Ru metal in the 0.05% and 0.22% Ru/SBA-15 
catalysts, determined by H2 chemisorption and corrected through oxygen titration measurements 
assuming a hemisphere, are reported in Table 8. The corrected Ru crystallite sizes, gotten from the 
chemisorption experiments, agrees with the values obtained from the TEM characterization study on 
the catalysts. The results show that with increased Ru loading, dispersion decreased and the fraction 
of reduced ruthenium increases in agreement with literature.9, 15b, 19b The higher dispersion values 
obtained indicates a high degree of metal utilization. Besides, it might be a possible direct 
consequence of the superficial strong metal-support interaction (SMSI) state of the catalyst, owing to 
spilt over hydrogen.37, 46 The SMSI effect stabilizes the catalysts and generates a bifunctional site at 
the metal-support interface, which resulted in a good catalytic performance of the catalysts.47 
Table 8: Chemisorption measurements (Physico-Chemical properties) for the 0.05% and 0.22% 
Ru/SBA–15 catalyst reduced for 12 hrs. 
Physico-Chemical Properties 0.05% Ru/SBA-15 0.22% Ru/SBA-15 
Ru crystallite Size (nm) 1.39 1.4 
Active Particle size (nm) 1.68 1.7 
Surface Area (m2/g cat) 0.14 0.66 
Surface Area (m2/g metal) 294.3 296.6 
Dispersion (%) 90.5 81.2 
Reduction (%) 89 97 
Corrected dispersion (%) 89.7 83.7 
Corrected Ru crystallite Size (nm) 1.08 1.17 
 
6.3.2 Catalytic Evaluation 
The small metal loading effect on the catalytic activity of the low loaded SBA-15 catalysts as 
evaluated on a fixed-bed reactor, at various process conditions are discussed below. The effect of 
reaction temperature variation with respect to the syngas conversion and product selectivity for the 
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catalysts is shown in Figure 33. From Figure 33, upon increasing the temperature from 180 – 250 °C, 
there was no significant difference in the in the selectivity to CO2, CO conversion, and  
C5+ hydrocarbon. However, after 230 °C, the CO conversion increased more for the 0.22 wt. % Ru 
catalyst. The selectivity to undesired CH4 hydrocarbon varied from ~190 °C, with respect to  
0.22 wt. % Ru catalyst producing more methane. The selectivity to C5+ hydrocarbon also decreased 
with an increase in CO conversion and CH4 selectivity. The low CO2 selectivity at high temperatures 
is an indication of some water gas shift activity at such temperatures. 
180 190 200 210 220 230 240 250
0
10
20
30
40
50
60
70
80
90
100
0.05%, CO
2
 sel. 
Temperature (C)
C
o
n
v
e
rs
io
n
/S
e
le
c
ti
v
it
y
 (
%
)
0.05%, C
5+
 sel.
0.22%, C
5+
 sel.
0.05%, CO conv.
0.22%, CO conv.
0.22%, CH
4
 sel.
0.05%, CH
4
 sel.
0.22%, CO2 sel.
 
Figure 33. CO conversion, CH4, CO2 and C5+ products selectivity for 0.05 and 0.22 wt. % Ru/SBA-15 catalysts; 
T = 180 – 260 °C, P = 20 bars. 
 
The activation energies for CO conversion calculated for temperature ranges of 180 – 230 °C and  
230 – 250 °C for both catalysts are ca. 17.1 and 58.9 kJ/mol (0.05% Ru/SBA-15) and 12.3 and  
69.4 kJ/mol (0.22% Ru/SBA-15) as shown in Figure 34. Compared to literature reported values of 
between 96 – 100 kJ/mol and lowest computed value of 60 kJ/mol for CO dissociation on stepped Ru 
surface reported,48 the low temperature regime values (ca. 17.1 and 12.3 kJ/mol) were significantly 
lower. The observed low activation energy barrier is ascribed to the limited C–O bond stretching from 
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ground to transition state, which limits chemical bonds sharing between surface metal and transition 
state dissociating molecular atoms. This was made possible because of the high dispersity of the Ru 
nanoparticle in the support matrix, and the superficial metal-support interaction.49  
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Figure 34. Arrhenius plot of CO conversion for (a) 0.05% and (b) 0.22% Ru/SBA-15 catalysts;  
T = 180 – 250 °C, P = 20 bars. 
 
Pressure variation has been used as a catalyst screening parameter to regulate the desired products 
expected in the FTS process. The various concentrations of the component mix and restructuring of 
catalyst lead to the occurrence of different phenomena. Generally, if carbon monoxide conversions 
are high, an increase will lead to hydrocarbon condensation especially those that are usually in the 
gaseous state standard atmospheric pressure. This causes the catalyst pores to be saturated by the 
liquid-phase of the reaction products, which affects the syngas composition concentration and 
inadvertently the rate of important steps in the process, thereby limiting CO conversion at high 
pressures.50, 51 
In this study, the pressure was increased from atmospheric to 20 bars at 230 °C to see the effect of 
small variation of the metal on the performance of the catalyst. The results in Figure 35 show the 
influence on the CO conversion, CO2, CH4, and C5+ product selectivity of the catalyst due to an 
increase in pressure. From Figure 35, an increase in pressure did not affect the CO2 selectivity as it 
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remained at zero. At low pressures, the products were mainly C5+ hydrocarbons with a selectivity of 
94.4 and 93.7 % for 0.05 and 0.22% Ru/SBA-15 catalysts respectively, which are typically in the 
gaseous state and indicates that thermodynamic equilibrium progressed more abruptly.52 Although 
there was no significant difference in product selectivity, the 0.22 wt. % Ru catalyst was more 
sensitive to CO conversion, and CH4, selectivity yielding less C5+ hydrocarbons with an increase in 
pressure when compared to the 0.05 wt. % Ru catalyst. 
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Figure 35. CO conversion, CH4, CO2 and C5+ products selectivity for 0.05 and 0.22 wt. % Ru/SBA-15 catalysts; 
T = 230 °C, P = 1 – 20 bars. 
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6.4 Conclusion 
The synthesis of sub 2 nm range Ru nanoparticles, SBA-15 mesoporous support, and the preceding 
incorporation of Ru nanoparticle in the support matrix were successfully carried out. Characterization 
results proved the structure of the SBA-15 was not significantly altered after the incorporation of Ru 
nanoparticles. Similar specific activity characterizes the partially reduced catalysts which showed 
good catalytic activity for FTS reaction, no significant difference between the product selectivity for 
the different metal loadings. The maximum CO conversions of between 30.6 and 34.3% for 0.05% 
and 0.22% Ru/SBA-15 catalysts respectively, were due to the uniformly and well dispersed Ru 
nanoparticles. As is the case with catalyst re-oxidation at those high temperatures with Ru-based 
catalysts, the methane selectivity was observed to increase to a maximum of 21.4 and 30.9 % 
respectively. C5+ hydrocarbons selectivity dropped to 54.1 and 50.9% respectively for both catalysts. 
The highest selectivity to C5+ hydrocarbons recorded for both catalysts at low temperatures is as a 
result of an easy CO dissociation on the Ru cluster, due to the high volumetric site density. The high 
selectivity towards C5+ hydrocarbons at lower temperatures is at 94.5 and 96.8 % respectively. This 
was attributed to an easy dissociation of CO on the catalyst due to the superficial SMSI, limited 
transport diffusion restrictions and the high volumetric site density. This, possible led to the secondary 
reaction of alkenes through chain growth mechanism, and inhibited chain termination steps through 
a diffusion-limited readsorption of α-alkenes.13a, 53 The performance is as a result of the high 
dispersity of the small Ru nanoparticle and the intimate interaction with the support. Under laboratory 
conditions, we have successfully shown that a low Ru metal loaded catalyst can be very active, with 
good selectivity to desired hydrocarbons, and as such should be considered for commercialization. 
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Chapter 7: 
Fischer–Tropsch Synthesis over Ru Promoted Mesoporous 
Co3O4: Effect of Reaction Conditions on Catalytic Performance 
7.1 Introduction 
Fischer–Tropsch synthesis (FTS) produces hydrocarbons of different chain lengths and 
functionalities, compared to normal refinery products. They are of high quality, free of sulphur, 
aromatics, and other contaminants, and can, therefore, turn out to be a major alternative energy 
carrier, and can have a conspicuous share in the global final energy mix.1-8 Historically, its acceptance 
was politically driven until recently where interest in this technology is motivated by economic 
viability, environmental and energy security concerns as well as the desire of resource holders to 
monetize stranded gas reserves.9-14 
The FTS reaction is heterogeneously catalysed by an active metal phase, dispersed on a support which 
acts as a carrier and might also contribute to the catalytic activity.15, 16 The conceptual use of pores 
was introduced to avoid the agglomeration of nanoparticles during the reaction, which leads to the 
availability of a greater surface area, and higher selectivity in reactions. The porous structure plays a 
substantial role in both the physical and chemical properties of catalysts, and strongly influences the 
catalytic performance of many catalysts in a number of reactions.17, 18  
With the promise of better reactions and separations that mesoporous materials hold, mesoporous 
transition metal oxides have started receiving consideration in a number of reactions because of their 
multiple oxidation states, and the effect of the ensuing metal-oxide interfaces on catalytic activity and 
selectivity.19 The view is that mesoporous iron and cobalt, will generate higher CO conversion as well 
as C5+ hydrocarbon selectivity when compared to other conventional supports such as TiO2, SiO2 and 
Al2O3.
20 
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The promotion of cobalt catalysts with Ru content of between 0.05 – 3 wt. % has been explored by 
several researchers over the years. The promotion of Co does not only affect it’s reducibility, but also 
the metal surface site’s intrinsic activity by enriching more Co active sites and consequently the 
hydrocarbon selectivity to some extent. The synergy between Ru and Co is often used to explain the 
increased catalytic performance on the promoted catalyst.21-25 
The objective of this study is to determine the catalytic performance of the Ru nanoparticle 
application on mesoporous cobalt oxide, for FTS. The idea is that since the cobalt oxide already has 
a porous structure, which determines the ease with which reactants access the interior catalyst surface, 
the catalyst will tend to favour higher C5+ yields and lower methane selectivity. 
7.2 Experimental 
7.2.1 Materials 
All chemicals were used as received and were of reagent grade. Ruthenium trichloride hydrate 
(99.98% trace metals basis), cobalt (II) nitrate hexahydrate (99.98%), octylamine (99%), Pluronic 
P123 (PEG, 30 wt. %), and sodium borohydride (≥ 96%) were purchased from Sigma-Aldrich. While 
1-butanol (99.98%) and concentrated nitric acid (68–70%) and was purchased from Rochelle 
Chemicals (RSA). The gases used for these experiments are of ultra-high-purity (UHP) and were 
purchased from Afrox (Linde group, South Africa). The syngas composition is 30.6 % CO, 59.7 % 
H2 and 9.7% N2 (used as an internal standard). 
7.2.2 Catalyst Preparation/Synthesis and Characterisation 
First, the mesoporous metal oxide was synthesized from an adapted literature method.26-28 The  
Co(NO3)2·6H2O (10 g, 0.035 mol) was dissolved in a solution of P123 (5.0 g, 8.62 × 10
-4 mol), HNO3 
(4.8 g, 0.076 mol) and 1-butanol (34 g, 0.66 mol). The resulting red solution was set in an oven at 50 
°C, for 12 hrs to evaporate the 1-butanol solvent. The resulting gel was then heated in the oven for 6 
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hrs at 120 °C. The powder formed was allowed to cool and washed with ethanol, to remove the P123 
surfactant template, and dried under vacuum. It was further calcined in air with heating cycles of 150 
°C for 12 hrs and 250 °C for 4 hrs at a heating rate of 1 °C/min.  
The colloidal ruthenium solution was prepared by dissolving RuCl3∙3H2O (40.5 mg, 0.2 mmol) in 
ethanol (15 cm3), octylamine (323.5 μL, 1.5 mmol) was added and left to stir continuously under an 
inert condition in a Schlenk tube for 24 hrs. A solution of NaBH4 was prepared by dissolving  
282 mg (7.5 mmol) in a mixture of methanol (5 cm3) and ethanol (20 cm3). The ruthenium 
nanoparticles were produced by gradual addition of 5 cm3 of the NaBH4 solution 10 mins apart to the 
mixture (five additions in total). The mixture was left under continuous stirring for 7 hrs after the last 
addition for effective reduction of the salt to the metal colloid. Pentane was added to provide an 
organic phase, then the solution was washed with water, and the organic phase was collected and 
used for the catalyst synthesis. A measured amount (3.3313 g) of the synthesized mesoporous cobalt 
oxide (Co3O4) was added to the octylamine protected ruthenium nanoparticles solution and agitated 
to facilitate incorporation of the nanoparticle into the pores of the mesoporous Co3O4. The Ru 
promoted mesoporous cobalt oxide catalyst thus obtained is washed, allowed to settle, vacuum 
filtered, dried and characterized. The Ru composition of the catalyst was as determined by elemental 
analysis using ICP–OES and ICP–MS methods was 0.0564 (≈0.06) wt. %. 
The X-ray diffraction (XRD) patterns for the synthesised 0.06% [Ru] promoted mesoporous Co3O4 
catalyst were recorded using a Rigaku Miniflex 600 with a Cu Kα1 (λ = 0.1542 nm) as the radiation 
source, 40 kV/15 mA power, and a scanning rate of 0.2 °/min and 1.0 °/min for low and wide angles 
respectively.  
The surface area of the synthesized sample was determined using N2 adsorption-desorption isotherms. 
The sample was degassed overnight at 90°C and measured at -195.8°C using a Micromeritics surface 
area and porosity (ASAP 2460, V2.01) analyser. By means of the Barrett-Joyner-Halenda (BJH) 
model,29 the distribution the pore sizes were determined from the desorption stem of the isotherms. 
Chapter 7. Fischer–Tropsch Synthesis over Ru Promoted Mesoporous Co3O4…    184 
184 
 
The TEM characterization of particle size and morphology of the catalyst was accomplished by means 
of a JEOL-JEM 2100 electron microscope operating at 200 kV and a beam current of 101.6 µA. A 
drop of the sonicated suspension of the sample dispersed in ethanol was placed on a copper grid and 
allowed to dry before the analysis. The size distribution histograms for the catalyst were obtained by 
manually measuring the particles from the TEM images. 
The reducibility was determined by temperature programmed reduction of hydrogen (H2-TPR) using 
a Micrometrics AutoChem II 2920 (V4.03) instrument. The system consists of a U-shape quartz 
reactor, equipped with a thermocouple, which is used to continuously measure the temperature. About 
0.05 g sample of the synthesized catalyst was pre-treated with a high purity flowing Argon (Ar) at 
150 °C for an hour then cooled down to 32 °C. A gas mixture of 10% hydrogen-argon was then passed 
through the catalysts in the reactor system at a measured flow rate of 50.14 cm³ STP/min. The 
temperature was raised to 900 °C at a ramping rate of 10 °C/min, to measure the consumption rate of 
hydrogen (H2) with the aid of the thermal conductivity detector (TCD). 
7.2.3 Fischer-Tropsch Synthesis Catalytic Evaluation 
The synthesised catalyst, 0.06% [Ru] nanoparticle promoted mesoporous Co3O4 was evaluated for 
FTS activity on a conventional lab scale fixed-bed reactor (16 mm i.d, with the thermocouple in direct 
contact with the catalyst). The catalyst was first diluted with SiO2 (< 212 µm) in a ratio 25:75%, 
subsequently communicated as 25% (0.06%[Ru]-Co3O4)/SiO2, to minimize hot spots and thermal 
runaway in the system. The synthesis was carried out at 20 bar and 160 – 260 °C for temperature 
study and the pressure was varied between atmospheric and 20 bars, to evaluate the effect of reaction 
pressure at 230 °C. A syngas (H2/CO) feed ratio of 2 and gas flow rate of  
7.665 NmL/min were used. The gas flow rates for reactant gases were controlled by Aalborg mass 
flow controllers (model GFC 17, with the flow range of 0 – 500 mL/min). Catalytic measurements 
for activity and selectivity of the Fischer-Tropsch synthesis reaction were carried out at least after  
12 hrs to ensure stabilized steady-state condition, before a different mass balance period. Based on 
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25% (0.06%[Ru]-Co3O4)/SiO2, 1 g of the catalyst sample was activated in 5% (v/v) H2/Ar gas mixture 
with a flow rate of 30 mL/min at atmospheric pressure by increasing temperature from ambient to 
350 °C, for 17 hrs, before the FTS reactions. After the reduction, the synthesis gas was fed to the 
reactor under conditions of 170 °C, 20 bars, and a space velocity of 0.46 nl·h−1·g−1cat at STP. 
The Dani Master GC used to analyze the reactant gases and products was equipped with a thermal 
conductivity detector (TCD) and a flame ionization detector (FID), while the chromatographs were 
processed using Clarity Software. The gases were analyzed utilizing a Supel-Q Plot fused silica 
capillary column (30 m x 0.32 mm) and a 60/80 Carboxen 1000 column (15 ft x 1.8 in x 2.1 mm) 
connected to the detectors.  
7.3 Results and Discussion 
The ruthenium nanoparticles were synthesised by chemical reduction of the ruthenium trichloride 
hydrate precursor with sodium borohydrate, using octylamine ligand to stabilize and protect the 
nanoparticles. This method was preferred due to the controllability of the size and shape of the 
nanoparticles.30, 31 The method used for the preparation of Co3O4 is similar to the technique reported 
by Poyraz et al.,26, 27 for mesoporous metal oxide synthesis, utilizing non-ionic triblock copolymer 
P123 in the soft templating approach and the varied calcination steps.26-28, 32-34 
7.3.1 Characterisation Results 
7.3.1.1 X-ray Diffraction (XRD) Analysis  
Wide angle XRD peaks at 2θ between 10 and 90 shows (Figure 36a) 6 peaks with Fd3m space group, 
cubic crystal structured phases 111, 220, 311, 400, 511, 440. This is characteristic of Co3O4, usually 
observed around 19°, 32°, 37°, 45°, 60°, and 65° respectively (JCPDS card # 073-1701, 76-1802 and 
43-1003), indicating that the cobalt species present is predominantly Co3O4. The peak at 43°, 
corresponds to the stable CoO specie (JCPDS card # 43-1004).27, 35, 36 On introducing the Ru (Figure 
36b), the peak intensities are detected at roughly 38°, 41°, 45°, 60°, and 66°. This closely corresponds 
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to the phases of rutile RuO2 and Ru, indicating well dispersed Ru species in the Ru-Co3O4 catalyst 
and metal-support bond.37-39 The broad peak (19 – 20°) identified in Figure 36c) is associated with 
the non-crystalline nature of the SiO2 used as a diluent.
40, 41 Unreacted CoSiO2 due to strong metallic 
bond to SiO2 phase is also identified at 23° and 43° (JCPDS card # 72-1508).
36a The mean diameter 
of cobalt oxide crystallites was 13.8 nm, estimated by applying the Debye-Scherrer equation to the 
most intense peak at 2θ = 37°.42 
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Figure 36: Wide angle XRD patterns: a) mesoporous Co3O4, b) fresh 0.06% Ru-Co3O4 catalyst and c) spent 
25% (Ru[0.06%]-Co3O4)/SiO2. 
 
7.3.1.2 Nitrogen Sorption Isotherm 
Table 9 shows the BET surface areas, pore volumes as well as the pore diameter. The table shows 
that the introduction of ruthenium only caused a slight decrease in the surface area and pore volume 
relative to the initial support materials after the impregnation of the nanocatalyst due to partial 
blockage of the macrospores by the ruthenium species and as such can’t be reached for nitrogen 
adsorption.29, 43  
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Table 9: Table showing sorption properties of meso-Co3O4, 0.06% Ru/mesoCo3O4 and spent 25% 
(Ru[0.06]-Co3O4)/SiO2 catalysts 
Sample Surface Area  
(m2/g) 
Pore Volume  
(cm3/g) 
Average Pore width  
(nm) 
Meso-Co3O4 30 0.12 13.8 
Fresh 0.06% Ru/Co3O4 6.5 0.05 25 
Spent 25% (Ru[0.06%] Co3O4) /SiO2 67.7 0.68 40.2 
 
However, there was an expansion of the average pore width of the mesoporous Co3O4 after the 
incorporation of the Ru nanoparticle, which is attributed to a structural modification of the material 
due to varied Ru/Co interactions with the oxide specie during impregnation. The nitrogen adsorption 
and desorption isotherms, as well as the pore size distribution based on the BJH models, for 
mesoporous support, fresh and spent catalysts are presented in Figure 37.  
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Figure 37: a) BET Isotherm plot, b) pore size distribution for mesoporous Co3O4, fresh 0.06%  
Ru-Co3O4 catalyst and spent 25% (Ru [0.06%]-Co3O4)/SiO2. 
 
The shape of all the N2 adsorption-desorption isotherms of the samples exhibited a type IV isotherm, 
with H3 hysteresis loop. This indicates a random distribution of pores and an interconnecting pore 
system but does not indicate missing monolayer formation. Instead, it points toward some loose 
aggregates of the plate-like particles forming slit-like pores. A weak adsorbate-adsorbent interaction 
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occurs as a result of small multilayer adsorption at low relative pressure. Compared to the stronger 
interaction between adsorbed molecules that occurs on mesoporous adsorbents having the pores, 
ranging in diameter between 20 and 500 Å according to IUPAC classification.29, 44 The diameter in 
the mesopore range is related to the P/P0 positions of the inflexion points, with a sharp inflexion 
between P/P0 range of 0.80 and 1, which demonstrates consistency in the mesopore size 
distribution.43, 45 
 
7.3.1.3 Temperature Programmed Reduction (TPR) 
The reducibility of the synthesised 0.06% Ru promoted mesoporous Co3O4 catalyst was evaluated by 
temperature programmed reduction of hydrogen (H2-TPR). The catalyst reduction pattern is 
displayed in Figure 38 and shows one main reduction peak at a temperature range of 150 – 600 °C, 
suggesting a nearly uniform distribution of the cobalt oxide support. This is further deconvoluted to 
two overlapping peaks at temperature ranges of ca. 190 – 440 °C (broad peak with centre at roughly 
310 °C), and 270 – 440 °C (with peak centre at roughly 356 °C), corresponding to a two-step reduction 
of the catalyst. The promotional effect of Ru on cobalt oxide is also identified on the TPR results, the 
small amounts of Ru improved, facilitated the reducibility of the catalyst, hence the peak centre at 
roughly ca. 300 °C. 
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Figure 38: TPR pattern of 0.06% Ru promoted mesoporous Co3O4 catalyst. 
The first peak corresponds to the initial reduction of the Co3O4 phase to CoO, which could be 
attributed to Ru promotional interaction with Co surface species and the subsequent (very fast) 
reduction of CoO to Co0. The percentage of the reduced Co is in correlation with the obtained 
reducibility for Co3O4 through standard reduction procedures.
16, 18b, 23b, 46 As such, a temperature of 
350 °C was selected as the reduction temperature for the catalyst before the Fischer-Tropsch reaction 
based on this data, for the thermal reduction in H2 for the fresh sample. 
7.3.1.4 Transmission Electron Microscopy (TEM) 
The images and particle size histogram from the TEM analysis that was carried out to determine the 
morphology of the 0.06% Ru promoted Co3O4 catalyst, are shown in Figure 39.  
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Figure 39: a, b, c) TEM micrographs, d) Co3O4 particle count histograms, and e) Ru (np) count histogram for 
0.06% Ru- Co3O4 catalyst. 
 
The TEM images (Figures 39a and b) showed mostly spherical units and nearly spherical of various 
sizes, as well as some smaller hexagonal units which are not clearly shown in the images presented, 
which are all closely packed to form the mesoporous morphology. However, from the study, the 
morphology of the support was not altered considerably by the incorporation of the metal 
nanoparticles. The estimated mean particle size of the mesoporous Ru-Co3O4 catalyst (Figure 39c) is 
13.37 ± 5.70 nm (from 600 particles counted), and the mean particle size of the Ru nanoparticle 
(Figure 39d) is 1.52 ± 0.8 nm (from 397 particles counted). This value is in agreement with the 13.8 
nm average cobalt oxide crystallites size from the XRD Scherrer equation.  
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7.3.2 Catalytic Evaluation 
The catalytic activity and selectivity, evaluated on a fixed-bed reactor, at different process conditions 
are discussed below. 
7.3.2.1 Effect of Temperature Variation  
The catalytic activity and selectivity, evaluated on a fixed-bed reactor, at different process conditions 
are discussed below. The performance of the catalyst with respect to the syngas conversion and 
product selectivity as evaluated on the prepared promoted mesoporous cobalt oxide catalyst,  
25% (Ru[0.06%]-Co3O4)/SiO2 for effect of reaction temperature variation is shown in Figure 40. As 
expected, increasing the reaction temperature lead to an increase in FTS catalytic activity and 
methane selectivity, but resulted in a decrease in selectivity towards C5+ hydrocarbon products, as 
well as a shift towards lower carbon numbers products.47-51 From Figure 40, upon increasing the 
temperature from 160 to 260 °C, the CO conversion increased from 11.57 – 53.83%. Concurrently, 
selectivity towards the undesired methane and CO2 increased from 0 – 18.76% and 0 – 11.32% 
respectively, while the production of CO2 only started at from 230 – 260 °C. The selectivity towards 
C5+ decreased from 99.80 – 28.26%. It is evident that while temperature increase resulted in an 
increase in CO conversion, it leads to a decrease in C5+ selectivity, an indication that increase in 
syngas conversion, does not directly translate to an increase in the desired C5+ product. 
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Figure 40. CO conversion, CH4, CO2 and C5+ product selectivity for 25% (Ru[0.06%]-Co3O4)/SiO2;  
T = 160 – 260 °C, P = 20 bars. 
  
Figure 41 shows the Arrhenius plot for CO conversion, which was used to estimate the activation 
energies (Ea). The calculated activation energy to convert CO is ca. 17.1 kJ/mol in the low temperature 
ranges (180 – 230 °C), but if the entire temperature range of 160 – 260 °C is considered, then it is 
28.24 kJ/mol. These values are substantially low when compared to literature reported values (96 – 
100 kJ/mol),52-54 but close to the values gotten from optimum kinetic models and power-law equations 
(30.7 – 35.1 kJ/mol) for CO conversion.55 The observed low activation energy barrier is ascribed to 
the limited C–O bond stretching from ground to transition state, which limits chemical bonds sharing 
between surface metal and transition state dissociating molecular atoms. This was made possible 
because of the high dispersity of the Ru nanoparticle in the support matrix, and the superficial metal-
support interaction.49  
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Figure 41. Arrhenius plot of CO conversion, 25% (Ru[0.06%]-Co3O4)/SiO2; T = 160 – 260 °C, P = 20 bars. 
 
At the surface of the metal atoms, the topology, and the metal support interaction limits the C–O bond 
stretching to transition state from the ground state. This resulted in limited sharing of chemical bonds 
(a weak binding force) between the dissociating CO molecular atoms and surface metal atoms, which 
would have increased their activation energy.56, 57 We assume that this result occurred because of the 
promotional effect of the relatively small Ru nanoparticles, on the mesoporous Co3O4. Given the low 
activation energy barrier observed, the assumption is that a direct fast CO activation (rather than H-
assisted activation) coupled with limited mass transfer resistance occurring at low temperature, was 
responsible for the selectivity towards C5+ hydrocarbons. It is also believed to be the reason for the 
low CO conversion observed at low temperatures since CO insertion mechanism tends to be slower 
compared to direct C–C bond formation.56  
7.3.2.2 Effect of Pressure Variation at 230 °C 
The total syngas pressure has been useful in ordering the desired products expected in the FT process. 
However, different phase phenomena occur at different pressures, due to varying concentrations of 
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component mixtures in the gaseous and liquid phases, leading to catalyst restructuring as well as 
deactivation. Increase in pressure generally leads to condensation of hydrocarbons, those which at 
atmospheric pressure are usually in the gaseous state, thereby compelling catalyst pores saturation by 
liquid reaction products at high CO conversions.55a, 58 At high synthesis gas pressures, the different 
components of the liquid phase in catalyst pores, will, therefore, affect the rate of fundamental steps 
in the process thereby inhibiting CO conversion.55 Conversion and product selectivity for pressure 
variation from atmospheric to 20 bars was carried out at 230 °C.  
Figure 42 shows the influence of an increase in pressure of the reaction on catalytic activity and 
performance of the 25% (Ru[0.06%]-Co3O4)/SiO2 nanocatalyst in terms of CO conversion and CO2, 
CH4, and C5+ product selectivity.  
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Figure 42. CO conversion, CH4, CO2 and C5+ products selectivity, 25% (Ru[0.06%]-Co3O4)/SiO2;  
T = 230 °C, P = 1 – 20 bars. 
 
At low total pressure (atmospheric), the CO conversion was about 12.85%, yielding mainly C5+ 
products (86.92%), due to the rapid attainment of thermodynamic equilibrium, usually observed in 
the gaseous state at atmospheric pressure.59 By increasing the pressure to 20 bar, CO conversion 
Chapter 7. Fischer–Tropsch Synthesis over Ru Promoted Mesoporous Co3O4…    195 
195 
 
increased to 17.83%, while the selectivity to the C5+ product(s) reduced to 75.24%. The results at 
high pressure (20 bar) suggested an increased sensitivity of the C5+ product selectivity on the catalyst 
when compared to the same at lower pressure ranges.  
Table 10 shows a comparison of the catalytic performance of the synthesised catalyst with selected 
cobalt catalysts (both promoted and unpromoted) on various supports (including mesoporous) 
reported in the literature. The reactions were carried out at related process conditions and different 
weight loading percentage of the Co and promoter. Based on the objective of the researchers in 
relation to the mode of synthesis and characterization done, the observed catalytic activity 
performances were explained. However, there is a consensus among researchers on the enhanced 
reducibility of cobalt oxide catalysts by the addition of Ru.  
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Table 10: Catalytic activity comparison with different wt. loading of Co catalysts on supports reported in the literature (†water added). 
TW = this work; *TW = catalytic runs, using the same catalyst without catalyst dilution with SiO2.
Support Crystallite 
Size (nm) 
Loading wt. 
(%) 
Mass (g) Temp. 
(°C) 
Pressure 
(bar) 
CO Conv. 
(%) 
CH4 Sel. 
(%) 
C5+ Sel. 
(%) 
CO2 Sel. 
(%) 
Ref. 
Meso Co3O4 
13-14 24 
1 200 20 14 (*27.7) 2.7 (*6.4) 
97.3  
0 (*1.9) TW 
1.5[Ru] 0.06[Ru] (*68.6) 
SiO2 1.7 × 10
5 10.3-32.1  200 20 50–63 4.7-7.5 83-91 – 22a,b 
Al2O3 1.7 × 10
5 11.2 (19.5)  200 20 50–63 8.7 (7.8) 80.2 (82.5) – 22a,b 
TiO2 1.7 × 10
5 10.5-12.1  200 20 50–63  5.4-8.1 81.5-90.1 – 22a,b 
ZrO2/SiO2 1.7 × 10
5 17.2  200 20 50–63 5.6 84 – 22a,b 
ZrTiO2 1.7 × 10
5 10.6  200 20 50–63 8.2 83.2 – 22a,b 
TiO2 20-50 
11.6  
200 20 50.7 (61) 7.5 (5) 86.2 (91.1) 0 22c 
0.14 [Ru]  
Meso Co3O4 
13-14 24 
1 210 20 16.5 (*36.9) 4.7 (*8.9) 81.7 (*57.8) 0 (*4.4) TW 
1.5[Ru] 0.06[Ru] 
SBA-15 11.5-13 
30 (5) 
0.5 210 20 
29.1-37.7 (5.3-
8.9) 
6.8–9.6 (33.9-
39.6) 
79-84.2 (47.6-
60.7) 
0.02–0.8 
(0.6-1.6) 
23a 
0-0.5[Ru] 
Al2O3 13.8-14.4 
15 
0.5 210 1 ~5.5-14 ~21-24.5 ~41-44 ~21.5-26.5 24a 
0.5-2[Ru] 
SiO2/Al2O3/TiO2 11-57 
12 
1-2 210 20 
40-45 8.7-10.2 80.2-84.8  
60 
0.5[Re] †35–53 †4.7-6.7 †83-91.4  
Meso Co3O4 
13-14 24 
1 220 20 18.6 (*47.3) 7.4 (*12.5) 75.7 (*60.3) 0 (*8.9) TW 
1.5[Ru] 0.06[Ru] 
CNT 4.8-8.7 
15 
 220 20 59-75 4.7-8 87.6-92.4 0.5 24b 
0-1[Ru] 
MCM-41/SiO2 3.9-7.6 
2-14 
0.2 220 1-2 
3.4-7.7 18.8-20.4 31.3-36.7  18 
0.5[Ru]      
SiC 17-70 
30 
5 215-220 40 39-57 3.5-5.1 92-93 0-1.2 23c 
0.1[Ru] 
Meso Co3O4 13-14 24 1 230 20 23.2 (*61.1) 9.7  68.3  2.4  TW 
 1.5[Ru] 0.06[Ru]     (*16.4) (*53.8) (*13.5)  
SiC 17-70 
30 
5 230 40 47-67 5.5-6 91-91.5 0-0.3 23c 
0.1[Ru] 
SBA-15 11.5-15 
5 
3 230 10 6.5-20.5 19.2-49.4 42.4-77.1  21b 
0.05-0.5[Ru] 
MCM-41/SHS/SiO2 9-18.3 20 0.5 230 20 60.1-75.5 19.8-29.4 55.2-70.4 9-14.2 61 
SBA-15/MSN/ SiO2 15.8-18.4 20 0.3 230 20 54.9-79.9 5.2-9.6 86.5-92 0.8-4.5 62 
Meso Co3O4 13-14 24 1 240-250 20 30.4-35 (*91) 
12.9-16.7 
(*44.1) 
55.4-63 
(*23.2) 
2.7-6.8 
(*21.6) 
TW 
 1.5[Ru] 0.06[Ru]         
HZSM-5 9-13.5 20  235 20 ~20-35  64-65.6 0.2-3.9 23b 
  0&3[Ru/Ni]         
HZSM-5 9-13.5 20  250 20 ~68-60  60.3-72.5 1.8-3.4 23b 
  0&3[Ru/Ni]         
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Iglesia et al.22 reported a 50 – 63% (200 °C, 20 bars) CO conversion over SiO2, TiO2, Al2O3, 
ZrO2/SiO2 and ZrTiO2 supported Co catalysts with different loading and pellet size of 0.17 mm. They 
found the cobalt-time yield to have increased linearly with an increase in the dispersion of the Co 
crystallites, and that crystallite and the metal support interaction has minimal effect on site activity, 
contrary to the views of Bartholomew et al.63 The differences observed in product selectivity was 
attributed to the complex relationship between intra-pellet diffusion, α-alkene readsorption and chain 
initiation, as mirrored by the transport restriction enhanced readsorption of alkenes, and not the 
inherent chain growth kinetics modifications. They opined that due to the Co and Ru intimate mixing, 
the synergistic contribution of Ru to the Co activity remained even after it has been subtracted from 
the catalytic rates and selectivity to C5+ hydrocarbon. They also stated that the although there was no 
Co intrinsic kinetic property modification by Ru, the synergy enhances readsorption of α-alkene by 
reversing chain termination to alkenes.22c  
Xiong et al.23a stated that the number of Co2+ and Co3+ surface species decreased due to the addition 
of Ru to the catalysts, thereby enriching more cobalt active sites. That although there was no strong 
electronic metal-metal interaction, however, there was a spill over of hydrogen to Co from Ru. 
Tavasoli et al.24 were of the opinion that along with the improved reducibility of the catalyst when 
promoted, that Ru enrichment on the cobalt crystallite surface enhanced the C5+ selectivity. In the 
work using carbon nanotubes (CNT), found a dependency between the catalytic performance to the 
cobalt size and method of preparation.24b Storsæter et al.60 investigated water effects on the 
performance of Re promoted cobalt based FT catalysts. They somewhat disagreed with the general 
trend of activity dependency on the different Co dispersions on the support, and reducibility due to 
promotion with Re/Ru. The increase in FTS turnover rates has been mostly associated with the 
bimetallic state generated at calcination, due to the fact that apparently there is no change in the cobalt 
dispersion. They noted a possible SMSI effect on the Ti-supported catalysts. Apart from the increased 
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activity and selectivity to C5+ hydrocarbons, water addition caused a varying degree of deactivation 
on the catalysts.  
Panpranot and colleagues18 using a series of amorphous silica and MCM-41 (3 and 7 nm pore 
diameter) supported CoRu catalysts (2-14 wt.% Co:0.5 wt.% Ru) indicated that there was no shape 
selectivity effect displayed by the CoRu catalysts neither where there transport limitation diffusional 
effects on selectivity at the reaction conditions studied. Tymowski et al.23c attributed the observed 
high FTS performance to be as a result of the alloy formed between the two metallic phases of the 
catalysts and enhanced product diffusion rate linked to the large pore size of the catalysts. Cai and Li 
21b communicated that the increased catalytic performance they observed was as due to an increase 
in the number of active sites, dispersion, reducibility, and the Ru-Co synergy.  
Jung et al.,61 investigated the catalytic activity and selectivity of mesoporous silica supported cobalt 
catalysts. The Co particle size and structure of the support were considered to be responsible for the 
observed catalytic performance. Karandikar et al.,62 using core−shell cobalt oxide catalysts studied 
the influence of pore lengths on FTS. The higher C5+ selectivity was assumed to be as a result of 
relatively lower diffusion limitations in the narrow pore dimensions of the core−shell catalysts. While 
the results from the conventional catalysts were largely owed to the size of the cobalt oxide particles 
and enhanced diffusion-readsorption of α-alkenes. Xiong and colleagues,23b lay emphasis on the role 
played by the catalysts acidity, the high dispersity and increased Co0 active site (due to Ru/Ni 
promotion) for the increased catalytic activity observed. 
The performance of the synthesised Ru promoted mesoporous cobalt oxide (RuCo3O4) catalyst at 
lower temperatures was ascribed to the limited diffusion and mass transfer resistance causing the 
catalyst pore to be saturated. This led to an increase in α-alkene readsorption on the growing chain. 
The limited diffusion of the higher molecular weight hydrocarbons resulted in poor conversion due 
to blockage of the Co0 active site at low temperatures especially for the diluted catalyst. This changed 
when the temperature was raised and there was enhanced diffusion of products from the catalyst 
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pores, leading to a drop a decrease in the readsorption of α-alkenes and consequently a drop in C5+ 
selectivity.  
7.3.2.3 Catalyst Deactivation with time on stream (TOS) 
A deactivation study shown in Figure 43, was conducted to evaluate the stability of the 25% (Ru 
[0.59%]-Co3O4)/SiO2 catalyst, and the rate at which the catalyst will deactivate with time on stream, 
conducted for roughly 300 hrs at two different temperatures (190 and 230 °C). At 190 °C, the catalytic 
conversion was relatively stable compared to conversion at 230 °C, which reduced with time on 
stream, indicating some deactivation of the catalyst taking place at 230 °C and no deactivation at  
190 °C. Extrapolating the data (assuming the sequence continues), will eventually lead to a situation 
where the % CO conversion at 190 °C, will be higher than the % conversion for 230 °C. 
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Figure 43. Catalyst deactivation with time on stream for 25% (Ru [0.06%]-Co3O4)/SiO2; P = 20 bars, T = 190 
and 230 °C. 
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7.4 Conclusion  
The synthesis of mesoporous cobalt oxide and the subsequent incorporation with Ru nanoparticle was 
successfully achieved. The low content promotion was used to minimise the effect on hydrocarbon 
selectivity and boost CO conversion since Ru is already an FT active catalyst. As expected, the 
performance of the partially reduced catalyst during variation of process conditions (such as 
temperature and pressure) had the desired effect on the Fischer-Tropsch synthesis reaction. The CO 
conversion increased with temperature and pressure respectively; however, the selectivity towards 
C5+ decreased exponentially from 250 °C, but the selectivity to CH4 was gradual in respect to 
temperature and pressure increase. This is can be linked to re-oxidation of the catalyst at these high 
temperatures, which also impacted on the C5+ selectivity. The catalytic performance can be linked 
mainly to diffusion and mass transfer resistance effects, which reduced the conversion at low 
temperatures, particularly for the diluted catalyst. It is important to note that the metal support 
interaction and the associated O-vacancy defect laden surfaces in this case played a great role in the 
activity of the catalyst because the metal oxide support is itself a catalyst. This is due to the unique 
charge transfer induced cooperative effects from the surface vacancy of the small nanoparticles and 
the support, which improved the number of cobalt active sites. Thus, the combination of electronic 
and geometrical effects resulted in a synergistic effect on the activity and selectivity pattern of the 
catalytic heterostructure.64-66 
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Chapter 8: 
Catalytic Performance of Low Ruthenium loaded Mesoporous 
Material Supported Fischer-Tropsch Catalysts: Trade-off and the 
Environment 
8.1 Introduction 
The energy crises due to a shortage in supply, price instability1 and the continual adjustment of energy 
policies, because of over-dependence on the world fossil fuel, make sustainable energy development 
a major challenge. Concern for the environment and a long-term solution to bridge the gap calls for 
the relentless engagement, and improvement of alternative sources of energy.2  
In the drive towards sustainable energy production, the role of catalysts and catalysis is indispensable, 
because a highly efficient and selective catalyst would save resources, and enhance productivity.3, 4 
It contributes to economic success through operating conditions enhancement and lower operating 
costs, while focusing on environmental sustainability.5 Catalysis can, therefore, play a significant 
developmental role for sustainability of the Fischer–Tropsch process industry.  
Fischer–Tropsch syntheses (FTS) activities have been achieved by the use of supported nano-sized 
particles on mesoporous materials.6-12 The stability of these particles in mesoporous supports are 
guaranteed, due to strong metal-support interaction, compared to that in larger particles.13-15 
Mesoporous materials are therefore seen as an appropriate model support to conduct studies on the 
catalytic behaviour and hydrocarbon selectivity of FT catalysts,16 so as to advance more efficient and 
sustainable processes.17-20 
The nature of the support used (initially intended to disperse the active phase), may impact on the 
selectivity and activity of Fischer–Tropsch catalysts. Structural promotion by using mesoporous 
metal oxides as supports requires intimate contact between metal and support components. This 
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apparent chemical promotion enhances the activity per unit weight of the metals when the metals are 
adequately dispersed on the support material.21 
The role of TiO2, Al2O3, ZrO2 and SiO2 as supports is well-known. However, there is need to develop 
new support(s) for Fischer–Tropsch synthesis that can better influence the catalytic activity, and 
minimise the environmental impact of the process.22-26 An interesting promising material that could 
play this role is the ordered mesoporous materials (OMMs), especially SBA-type silica with their 
high surface areas.10, 11, 27-30 Metal substituted and silica-based mesoporous materials are attractive 
due to the demand for better reactions and separations. SBA-15 have shown potential as support 
material for the synthesis of novel catalytic material, since its discovery. Their tuneable pore diameter 
and thick wall give it a high mechanical and hydrothermal stability over other materials.16, 31, 32 
Mesoporous transition metal oxides recently are receiving consideration in a number of reactions, 
due to their multiple oxidation states, and the effect of the resultant metal-oxide interfaces on catalytic 
activity and selectivity.33 In this light, iron and cobalt mesoporous supports are viewed to generate 
higher CO conversion as well as C5+ hydrocarbon selectivity when compared to other conventional 
supports such as TiO2, SiO2 and Al2O3.
34 
8.2 Experimental 
8.2.1 Materials 
All chemicals used were reagent-grade. Ruthenium trichloride hydrate (99.98% trace metals basis), 
Cobalt (II) nitrate hexahydrate (≥ 98%), octylamine (99%), P123 (PEG, 30 wt. %), tetraethyl 
orthosilicate (99%), and sodium borohydride (≥ 96%) were purchased from Sigma-Aldrich. 
Concentrated HCl (32%), nitric acid (68–70% HNO3), 1-butanol (99.5%), and absolute ethanol 
(99.95%), methanol (99.95%) and n-pentane (95%) were purchased from Rochelle Chemicals (RSA). 
The gases used for the experiment were purchased from Afrox (Linde group, South Africa) and are 
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of ultra-high-purity (UHP), the synthesis gas composition is 30.6% CO, 59.7% H2 and 9.7% N2 
(internal standard). 
8.2.2 Catalyst Preparation/Synthesis and Characterisation 
Mesoporous SBA-15 support was synthesised by dissolving 8 g (1.379 × 10-3 mol) of P123 in 40 cm3 
of de-ionized water and stirred at room temperature until fully dissolved. The solution was transferred 
to a round bottom flask and 360 cm3 of 2 M HCl solution was added, while stirring, at the same time, 
the temperature is increased to 50 °C. TEOS (20 cm3) was added to the solution drop-wise after 15 
mins and left to stir for 24 hrs, to form the silica gel. The resulting white suspension was allowed to 
age for another 24 hrs at 90 °C, vacuum filtered, washed, dried (24 hrs) and calcined at 550 °C for 4 
hrs to remove the organic copolymer template.10, 11, 29a, 35 
Mesoporous cobalt oxide was synthesised by an adapted literature method.36-38 The  
Co (NO3)2·6H2O (10 g, 0.035 mol) was dissolved in a solution of P123 (5.0 g, 8.62 × 10
-4 mol), HNO3 
(4.8 g, 0.076 mol) and 1-butanol (34 g, 0.66 mol). The resulting red solution was placed in an oven 
at 50 °C, for 12 hrs to evaporate the 1-butanol solvent. The resulting gel was then heated in an oven 
for 6 hrs at 120 °C. The powder formed was allowed to cool and washed with ethanol, to remove the 
P123 surfactant template, and dried under vacuum. It was further calcined in air with heating cycles 
of 150 °C for 12 hrs and 250 °C for 4 hrs at a heating rate of 1 °C/min. The ruthenium colloidal 
solution was prepared by dissolving RuCl3∙3H2O (67.9 mg, 0.3 mmol) in ethanol (20 cm3), 
octylamine (541 μL, 4.2 mmol) was added and left to stir continuously under an inert condition in a 
Schlenk tube for 24 hrs. 
The ruthenium colloidal solutions were prepared by dissolving RuCl3∙3H2O (40.5 mg, 0.2 mmol and 
67.9 mg, 0.3 mmol) in ethanol (20 cm3) and stirred continuously under an inert condition in a Schlenk 
tube for 24 hrs, after adding measured amounts of octylamine ligand (3 and 4 mmols respectively). 
A solution of the reducing agent (NaBH4) was prepared by dissolving 282 mg (8 mmols) in a mixture 
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of methanol (5 cm3) and ethanol (20 cm3). Ruthenium nanoparticles were produced by gradual 
addition of 5 cm3 of the prepared NaBH4 solution 10 mins apart to the mixture (five additions in total) 
and left while still stirring after the last addition, for effective reduction of the salt to the metal colloid. 
Pentane was added to provide an organic phase, and the solution was washed with water, so as to 
remove the excess of the ligand still present in the solution, and the organic phase was collected. The 
catalyst was synthesised by adding a measured amount of the synthesised mesoporous cobalt oxide 
(3.3313 g) or SBA-15 (3.4080 g) to the portions of the octylamine protected ruthenium nanoparticle 
solution while stirring to facilitate incorporation of the nanoparticle into the support matrix. The 
synthesised catalysts were allowed to settle, vacuum filtered, dried and characterised. The Ru loading 
in wt. % of the catalysts as determined by elemental analysis using ICP–OES and ICP–MS methods 
is 0.0564 (≈0.06) and 0.0472 (≈0.05) respectively. 
The catalyst was characterised using XRD, TEM, BET, and TPR analysers. X-ray diffraction (XRD) 
patterns were recorded using a Rigaku MiniFlex 600 diffractometer, with a Cu Kα1 (λ = 0.1542 nm) 
radiation source, 40 kV/15 mA power, and a scan rate of 0.2 deg min-1 and 1.0 deg min-1 is used for 
small and wide angles measurements respectively. The BET surface area of the synthesised catalysts 
was determined using N2 adsorption-desorption isotherms in the relative pressure range 0 to 1. The 
catalyst samples were degassed overnight at 90 °C to maintain a completely dry and solvent-free 
sample, and measured at -195.8 °C, using a Micromeritics ASAP 2460 (V2.01) accelerated surface 
area and porosimetry system. The distribution of the pore sizes was determined from the desorption 
stem of the isotherms by means of the Barrett-Joyner-Halenda (BJH) model.39 
The nanoparticle sizes and morphology of the catalyst was investigated by TEM, using a  
JEOL-JEM 2100 electron microscope operating at 200 kV and a beam current of 101.6 µA. A drop 
of the sonicated suspension of the sample was placed on a copper grid and allowed to dry before the 
analysis after the catalyst sample was dispersed in ethanol. The size distribution histograms for the 
catalysts were obtained by manually measuring the particles from the TEM images. 
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The mesoporous material supported Ru catalysts were characterised by temperature programmed 
reduction of hydrogen (H2-TPR) using a Micrometrics AutoChem II 2920 (V4.03) instrument to 
ascertain reducibility. Approximately 0.05 g sample of the catalysts was pre-treated with a high purity 
flowing Argon (Ar) at 150 °C for an hour (to remove water and other impurities) then cooled to  
32 °C, in a U-shape quartz reactor. A 10% H2/Ar was passed through the system at a measured flow 
rate of 50.14 cm³ STP/min, while the temperature was raised at a ramping rate of 10 °C/min up to 
900 °C. The consumption rate of hydrogen (H2) was monitored with the aid of a thermal conductivity 
detector (TCD). 
8.2.3 Fischer-Tropsch Synthesis Catalytic Assessment 
The catalytic evaluation for FTS activity was carried out in an assembled conventional fixed-bed 
reactor (FBR) with the thermocouple in direct contact with the catalyst. The FBR was assembled with 
two knock-out pots downstream of the reactor to enable the collection of liquid products formed. It 
was operated at between 180 – 240 °C and 20 bars for the temperature study. Syngas feed with an 
H2:CO molar ratio of 2 and a flow rate of 7.665 NmL/min was used. The gas flow rates for reactant 
gases were controlled by an Aalborg mass flow controller (model GFC 17, with a flow range of 0 – 
500 mL/min). 
The activation of the catalyst samples (1 g each), was carried out using 5% (v/v) H2/Ar gas mixture, 
with a flow rate of 30 mL/min at atmospheric pressure for 16 hrs, before the actual Fischer-Tropsch 
synthesis experiments were carried out. The activation temperatures, determined from TPR studies 
were roughly 255 °C (Ru/SBA-15) and 350 °C (Ru/Co3O4). The reactor was then allowed to cool 
down to room temperature, before setting the actual reaction pressure and temperature. After 
reduction, the synthesis gas was fed to the reactor under conditions of 170 °C, 20 bars, and a space 
velocity of 0.46 nl·h−1·g−1cat at STP. Activity and selectivity measurements for FTS were carried out 
at least after 12 hrs to ensure stabilised steady-state conditions, before a different mass balance period.  
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Reactant gases and products were analysed on-line using a Dani Master GC equipped with a flame 
ionization (FI) and a thermal conductivity (TC) detectors, while the chromatographs were processed 
using Clarity software (V3.0.4.444, build Dec 2010, by DataApex Ltd). The outlet gases from the 
reactor were analysed using i). a Supel-Q Plot fused silica capillary column (30 m × 0.32 mm) 
connected to FID, for the analysis of the hydrocarbon products, ii). a 60/80 Carboxen 1000 column 
(15 ft × 1.8 in × 2.1 mm) connected to the TCD, for H2, N2, CO, CH4 and CO2 to separation. 
8.3 Results and Discussion 
The ruthenium nanoparticles were synthesised by chemical reduction of the ruthenium trichloride 
hydrate salt,6 with sodium borohydride, in the presence of an octylamine ligand.40 This method was 
preferred due to the advantage of size and shape controllability.13, 41 The method used for the 
preparation of mesoporous silica (SBA-15), is similar to the technique reported in the literature by 
Zhao and co-workers.10, 11, 31b The method used for the preparation of Co3O4 is similar to the technique 
reported by Poyraz et. al.,36, 37 for mesoporous metal oxide synthesis.36-38, 42-44 
8.3.1 Characterisation Results 
8.3.1.1 X-ray Diffraction (XRD) Analysis  
Wide angle XRD analysis of the support, fresh and spent catalysts (0.05% Ru/SBA-15 and  
0.06% Ru/Co3O4) is shown in Figure 44. The Ru/SBA-15 catalyst Figure 44 a, b and c, show a single 
peak at 2θ between 15 and 35°, indicating the amorphous nature of the support, characteristic of 
reproducible short-range molecular order in the mesostructure.10, 45 The absence of a diffraction peak 
in this case for Ru is as a result of the small-sized ruthenium nanoparticles embedded in the support 
pores. However, for Ru/Co3O4 (Figure 44 d, e and f) 6 peaks with Fd3m space group, which are 
characteristic of Co3O4, were observed around 19°, 32°, 37°, 45°, 60°, and 65° respectively (JCPDS 
card # 073-1701, 76-1802 and 43-1003), indicating a predominant cobalt species (Co3O4). The peak 
at 43°, corresponds to the stable CoO species (JCPDS card # 43-1004).37, 46, 47  
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Figure 44: wide-angle XRD patterns for support, fresh and spent Ru/SBA-15 and Ru/Co3O4 catalysts. 
 
On introducing the ruthenium (Figure 44e), the rutile phases of RuO2 and Ru were close to detected 
peaks at roughly 33°, 38°, 43°, 45°, 60°, and 66°. This is due to the metal-support bond between Ru 
and mesoporous Co3O4, indicating and the high dispersity of Ru species in the support.
48-50 The XRD 
pattern of the fresh catalyst indicates the structure of the catalyst remained unchanged after the 
incorporation of Ru into the support matrix. By applying the Debye-Scherrer equation the estimated 
(from the peak at 2θ = 37°) mean diameter of cobalt oxide crystallites is 13.6 nm. 
8.3.1.2 Nitrogen Sorption Isotherm 
Table 11 shows the BET surface areas, pore volumes along with the pore diameter, while the pore 
size distribution from the isotherms based on the BJH models39 as well as the adsorption and 
desorption isotherms are presented in Figure 45a. The introduction of ruthenium on the mesoporous 
supports lead to a decrease in the BET surface areas and pore volumes for both catalysts relative to 
the initial support materials. Although the pore diameter didn’t change much for the Ru/SBA-15 
catalyst, the pore diameter for Ru/Co3O4 catalyst increased. This is credited to a structural modification 
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of the material due to different Ru/Co interactions with the oxide species during impregnation. 
Although, these data suggest a partial blockage of the support pores by Ru nanoparticles,21 the pore 
channel was still accessibility, even after incorporation of the nanoparticle due to the small size and 
the uniform dispersion of the Ru nanoparticles. The data also suggest a possible metal-oxide/metal-
metal interaction effect, from the resulting decrease in the BET surface area.  
The isotherms of the blank support, fresh and spent catalysts exhibited a Type IV isotherm. The 
Ru/SBA-15 catalyst Figure 45a (i, ii and iii) showed opened mesopores with H1 hysteresis loop39 at 
the adsorption-desorption isotherms, typical of mesoporous materials characterized by 1D cylindrical 
channels.31a, 32, 39 The Ru/Co3O4 catalyst, Figure 45a (iv, v and vi) displayed H3 hysteresis loop (see 
insert), indicating a random distribution of pores (narrowed mesopores) and an interconnecting pore 
system, but does not indicate missing monolayer formation. Unlike the stronger interaction between 
adsorbed molecules on mesoporous adsorbents having pores, ranging in diameter between 20 and 
500Å, this is a weak adsorbate-adsorbent interaction (resulting in small multilayer adsorption at low 
relative pressure).51, 52 After impregnation with ruthenium, the porous structure of the mesoporous 
materials remained intact, as shown on the isotherm plot, even on the spent catalysts. 
Table 11: BET analysis data for the blank support, fresh and spent Ru/SBA-15 and Ru/Co3O4 
catalysts. 
Material Sample 
BET Surface Area 
(m2/g) 
Pore Volume  
(cm3/g) 
Average Pore width 
(nm) 
SBA-15 661 0.66 4.2 
Mesoporous Co3O4 30 0.12 13.8 
Fresh Ru/SBA-15 270 0.42 4.3 
Fresh Ru/Co3O4 6.5 0.05 25 
Spent Ru/SBA-15 236 0.35 3.9 
Spent Ru/Co3O4 5.4 0.05 31 
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Figure 45: BET a) Isotherm plot, and (b) pore size distribution for Ru/SBA-15 catalyst and Ru/Co3O4 catalysts.  
 
8.3.1.3 Transmission Electron Microscopy (TEM) 
The images and particle size histogram from the TEM analysis that was carried out to determine the 
morphology of the catalysts are shown in Figures 46 and 47. Figures 46a and d show the long 1D 
channels of the cylindrical pores, ordered in a 2D arrays, and Figure 46b the highly hexagonal 
structure of the mesoporous SBA-15 support. The estimated mean particle size of the Ru 
nanoparticles from 1009 particles counted is 1.4 ± 0.5 nm (Figure 46c). From the particle size 
distribution in Figure 46f, particle ≥ 4 nm can be identified, due to the agglomeration of the 
nanoparticles in solution in the absence of a stabilising agent.  
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Figure 46: TEM micrographs for fresh synthesised (a, b, c) and spent (d, e,) catalyst, f) estimated particle size 
histogram for Ru/SBA-15 catalyst. 
 
The TEM image for the mesoporous cobalt oxide support, Figure 47a and b showed mostly nearly 
spherical and spherical units of various sizes, as well as a few smaller hexagonal units which are not 
clearly shown in the images presented. They are all closely packed to form the mesoporous 
morphology. The estimated mean particle size of the mesoporous Ru/Co3O4 catalyst (Figure 47c) is 
12.7 ± 5.01 nm (from 801 particles counted), and the mean particle size of the Ru nanoparticle (Figure 
47d) is 1.44 ± 0.5 nm (from 1042 particles counted). In both cases, the integration of the Ru metal 
nanoparticles into the support matrix does not alter the morphology of the supports considerably after 
the inclusion.49 
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Figure 47: a), b) TEM micrographs, c) Co3O4 particle count and d) Ru (np) count histograms for Ru/Co3O4 
catalyst. 
 
8.3.1.4 Temperature Programmed Reduction (TPR) 
The reducibility of the synthesised catalysts is displayed in the TPR profile in Figure 48. In Figure 
48a for the Ru/SBA-15 catalyst, two main reduction peaks are shown at temperature ranges of  
ca. 100 – 195 °C and 430 – 560 °C, with centres of approximately 125 and 470 °C. While the first 
low temperature peak is attributed to the reduction of RuO2 to Ru,
53, 54 the high temperature peak, can 
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be attributed to the reduction of highly dispersed RuO located in the mesoporous silica support matrix 
and having a strong interaction with the support.54-57  
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Figure 48: TPR pattern of catalysts a) Ru/SBA-15, b) Ru/Co3O4. 
 
The Ru/Co3O4 catalyst Figure 48b shows a single reduction peak at a temperature range of  
300 – 400 °C, with centre at roughly 352 °C suggesting a nearly uniform distribution of the cobalt 
oxide support. This might also indicate that the cobalt oxide is present mostly as the CoO phase, 
which necessitated the very fast reduction to Co0.36a, 53c, 56, 58  
8.3.2 Catalytic Evaluation 
The performance of the catalyst on Fischer-Tropsch synthesis reaction, as evaluated on a conventional 
lab scale fixed-bed reactor, at temperatures of 180 – 240 °C and a pressure of 20 bar. The activity of 
the catalytic with respect to syngas conversion and product selectivity as evaluated on the prepared 
catalysts in relation to reaction temperature variation is shown in Figure 49.  
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Figure 49. a) CO conversion, CH4, CO2 and C5+ products selectivity; b) Arrhenius plot of CO conversion;  
T = 180 – 240 °C, P = 20 bars. 
 
From Figure 49a, upon increasing the temperature from 180 – 240 °C, the CO conversion increased 
from 12 – 23% and 15 – 91% for Ru/SBA-15 and Ru/Co3O4 respectively. Along with the undesired 
methane selectivity, which increased from 1 – 15% and 3 – 44% respectively. The desired selectivity 
towards C5+ hydrocarbons reduced from 95 – 59% and 87 – 23%. The selectivity towards CO2 within 
the temperature range remained at zero, for the Ru/SBA-15 catalyst but increase from 1 – 22% for 
the Ru/Co3O4 catalyst. From Figure 49a, while temperature increase resulted in an exponential 
upsurge in CO conversion, for Ru/Co3O4 catalyst, the same cannot be said for the Ru/SBA-15 catalyst 
that had a gradual progression and didn’t increase much. Although the conversion was lower for the 
Ru/SBA-15 catalyst, it gave a better selectivity towards C5+ hydrocarbons as compared to the 
Ru/Co3O4 catalyst. Generally, as expected, increase in temperature is detrimental to the desired C5+ 
selectivity in both cases but favourable towards lower carbon number products.59-63  
From the Arrhenius dependency plot, the estimated apparent activation energies (Ea) for CO 
conversion (Figure 49b), observed from the best fit lines within the temperature range, were ca. 20.95 
and 58.08 kJ/mol for Ru/SBA-15 and Ru/Co3O4 respectively. Though these values are lower than 
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those reported in the literature (96 – 100 kJ/mol),64 the value of 58.08 kJ mol-1 for Ru/Co3O4 catalyst 
is closest to the lowest computed reported value of 60 kJ mol-1 for CO dissociation on stepped Ru 
surface.65 The value of 20.95 kJ mol-1 is much lower than what has been reported for CO conversion 
obtained from power-law equations and optimum kinetic models (30.71 – 35.13 kJ mol-1).66 The 
assumption is that, at the surface of the metal atoms, the interaction between Ru and Co3O4, generates 
a bimetallic synergy. This caused a limited sharing of chemical bonds between dissociating molecular 
atoms (in the transition state) and the surface metal atoms, hence the low activation energy.65, 67 As a 
consequence of the weak binding force between the CO and the surface metal atom, dissociating 
atoms are not within the confines of the C–O bond stretching.67 The assumption is that for both 
catalysts, direct activation of CO rather than activation by addition of hydrogen atom occurs due to 
the low activation energy barrier observed.  
The fast CO activation coupled with limited mass transfer resistance necessitates the chain growth 
and selectivity towards C5+ hydrocarbons compared to methane formation rate (100 and 140 kJ/mol)
 
for both catalysts at low temperatures. The direct CO insertion mechanism proposed (which is much 
slower compared to direct C–C bond formation), is assumed to be responsible for the observed low 
CO conversion for Ru/SBA-15 catalyst.65 For the Ru/Co3O4 catalyst, however, the H-assisted 
mechanism seem to dominate, due to the support effect which is also FT active. The fast C-C bond 
formation is assumed to be responsible for the rise in CO conversion and necessitates the selectivity 
towards CH4 and lower hydrocarbons.
65 
The performance of both catalysts can be credited to limited mass transfer resistance and diffusibility 
which caused pore saturation by hydrocarbon (HC) products at lower temperatures. Thereby 
increasing α-alkene readsorption, and subsequent chain growth to higher molecular weight HCs, and 
resulted in poor conversion due to limited availability of active sites, especially for the Ru/SBA-15 
catalyst at lower temperatures. At higher temperatures, however, due to enhanced diffusion which 
led to decreased α-alkene readsorption, C5+ selectivity dropped. Although the conversion increased 
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spontaneously with temperature for the Ru/Co3O4 catalyst, this was largely due to increased water-
gas-shift (WGS) activity as evident from the increased CO2, which was minimal for the Ru/SBA-15 
catalyst. The catalysts reoxidation at these higher temperatures was assumed to be responsible for the 
selectivity towards CH4. The partial reoxidation of the small-sized Ru nanoparticles would also have 
destroyed the bimetallic bond in the Co3O4 supported catalyst. These scenarios resulted in a change 
in the surface chemistry and preferred reaction mechanism. 
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8.4 Conclusion 
The characterisation carried out on mesoporous material support sub 2 nm range Ru nanoparticles, 
provided confirmation of the retained ordered mesoporous structure of the materials, after 
incorporation of Ru nanoparticles. At low temperature limited mass transfer resistance, diffusibility 
played a major role in the selectivity towards C5+ hydrocarbons. A proposed CO insertion mechanism, 
coupled with easy CO dissociation on the Ru cluster, led to the possible secondary reaction of alkenes 
through chain growth mechanism, favouring a reversal of chain termination steps through a diffusion-
limited readsorption of α-alkenes.68, 69 The observed high methane selectivity with increasing 
temperature, indicates catalyst re-oxidation at high temperatures, due to some water gas shift activity, 
which impacted on the C5+ selectivity, i.e., increase in syngas conversion, does not directly translate 
to an increase in the desired C5+ product. The very high conversion observed for Ru/Co3O4 is 
envisaged due to its promotional effect on the mesoporous cobalt oxide (an FT active catalyst on its 
own). The performance of the catalysts could be associated with bimetallic (for Ru/Co3O4), diffusion 
and mass transfer effects. 
In determining the best catalyst to use, a number of options are envisaged. A trade-off of the 
environment for higher productivity or vice versa. The questions everyone should be asking is, “how 
can we improve on conversion, desired products selectivity, and at the same time minimise the impact 
of our actions on the environment?” What should be the synergy and trade-offs between the 
environment and technological advancement?  
It can be argued that the low conversion observed for the Ru/SBA-15 catalyst, was the reason why 
there was no CO2 produced, but despite the observed low conversion, the observed zero CO2 
selectivity shows this could be a possible route for a more efficient Fischer-Tropsch catalyst if 
improved upon, in order to promote sustainability. 
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Chapter 9: Conclusions 
Sustainable development in the energy industry is a key challenge, because of the over-dependence 
on fossil fuels, coupled with social, economic, and environmental concerns, and the need for energy 
conservation. To bridge the demand and supply gap in the wake of the rapidly growing population 
and increasing energy demand, there is a need for the improvement of existing processes and the 
development of renewable and sustainable alternative sources of energy. The Fischer–Tropsch (FT) 
synthesis, is seen as an interesting alternative and sustainable technological route for the conversion 
of carbonaceous feedstocks into valuable end products if its efficiency can be improved upon. This 
will reduce associated emissions, as well as achieve the sustainability of energy security supply, at 
the same time assist gas-rich countries to monetise their vast amounts of remotely stranded natural 
gas reserves, through the well-known GTL technology. 
The overall process efficiency depends to a great extent on the catalyst as well as various process 
parameters used. Catalysts play a major role in the drive towards sustainable energy production, 
contributing to economic success, by improving on performance, and enhancing the process 
flexibility in addition to efficiency while focusing on sustainability in the industry.  
Therefore, efforts geared towards the design of more active and selective catalysts and contribute to 
the development of more energy-efficient FT processes is applauded, specifically with high CO 
conversion, low CH4 and CO2 selectivity, improve selectivity to C5+ hydrocarbons, as well as 
catalyst(s) deactivation. Optimum catalyst performance can be achieved by maximizing the active 
metal catalyst and support usage, such that the metal-support interaction can contribute to the 
structure–performance relationship of the catalyst, to yield less of undesired products and improve 
on the process performance. 
Taking into consideration, accessibility of the active metal, for optimum catalyst performance, the 
nature of particle size, surface structure, and the location of active metal can determine the selectivity 
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and activity of catalytic reactions, especially in well-dispersed catalysts, where reactants access the 
interior catalyst surface. The use of mesoporous materials as a catalyst support for FT synthesis has 
been found to increase activity with increasing surface area favouring higher molecular weight 
hydrocarbons selectivity. It takes advantage of the stronger metal–support interaction between 
smaller oxidized particles stabilised within the support matrix. 
Mesoporous transition metal oxides, on the other hand, have been considered as a new support that 
can better influence catalytic activity for Fischer–Tropsch synthesis, due to their multiple oxidation 
states and the effect of the metal-oxide interfaces on catalytic activity and selectivity. In view of this, 
using mesoporous cobalt material as support is viewed to generate higher CO conversion and C5+ 
hydrocarbon selectivity, compared to other conventional supports. Structural-chemical promotion by 
Ru np incorporation and the porous structure of meso-Co3O4 would generate the required intimate 
contact to enhance the activity per unit weight of the catalyst, thereby increasing the surface-to-
volume ratio, as well as influence the performance of catalysts. 
Although known active and new catalysts have been previously modified to achieve improved 
performance, few investigations have been done using mesoporous metal oxide, with the aim of 
optimising the production of specific products. A new hybrid catalyst system, which can achieve high 
conversion efficiencies and curtail the production of undesired products can be seen as an extra 
advantage to the Fischer–Tropsch synthesis process. 
The objective of the present work is to synthesise, characterize and study the catalytic performance 
of the ruthenium nanoparticle catalysts supported on mesoporous materials (SBA-15 and mesoporous 
Co3O4), during the FTS reaction. The aim is to improve on the possible, desirable products, and 
minimise the formation of CO2. More so, it will help to build an understanding of the various complex 
molecular scale dynamics of the nanoscale phenomena, which can be exploited to successfully design 
new heterogeneous catalytic system for sustainability in the energy sector. 
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Uniformly distributed stable ruthenium nanoparticles in the 2 nm range were successfully synthesised 
by the ‘‘alcohol reduction process’’ and subsequently incorporated into mesoporous supports (Co3O4 
and SBA-15), and characterized. The characterisation carried out, provided confirmation of the 
retained ordered mesoporous structure of the catalyst after Ru incorporation, and the FTS reaction. 
In the case of meso-Co3O4, low content promotion with Ru was used to boost CO conversion. The 
correlation of dispersion to catalytic performance assumed small metal support interaction and 
hydrogen spillover effects can be exploited to improve on the conversion and minimise the generation 
of undesired by-products. 
For the 0.05% Ru/SBA-15 catalyst, the well dispersed and partially reduced catalyst showed 
reasonable catalytic activity for Fischer-Tropsch synthesis, with conversion and selectivity. The CO 
conversion was between 11.6 and 38.5 %, this is within previously reported ranges in literature for 
Ru on various supports, with higher Ru wt. loading percentage. It is believed to be due to the well-
dispersed Ru (np) with adequate metal–support interaction that compelled higher concentration of 
monomers and H2 species on the surface of the catalyst. Allowing for increased hydrogenation rate 
at lower process operating temperature for the catalyst, with improved selectivity towards the C5+ 
hydrocarbons. The high methane selectivity from 230 °C with increasing temperature, usually 
observed on Ru-based catalysts, is an indication of the tendency of small Ru (np) to readily re-oxidize 
at those temperatures. This also impacted on the C5+ selectivity, limiting secondary reactions (re-
adsorption and re-initiation) of 1-alkenes. The partial filling of the small diameter mesopores by still 
to be desorbed higher hydrocarbons, due to internal diffusion effects, resulting in the drop in C5+ 
selectivity. A similar trend was observed for the pressure variation, at 230 and 250 °C, however at 
250 °C the decrease in C5+ selectivity was very rapid when the pressure was increased from 
atmospheric to 5 bars and somewhat stabilised. The low CO2 produced (1.3 %) even at a very high 
temperature of 260 °C shows this is a possible route that can be taken to make the process more 
efficient and reduce its emissions, in order to promote sustainability in the industry. 
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As expected for the Ru/meso-Co3O4 catalyst, the performance of the partially reduced catalyst during 
variation of process conditions (such as temperature and pressure) had the desired effect on the 
Fischer-Tropsch synthesis reaction. The CO conversion increased with temperature and pressure 
from 11.57 – 53.83% and 12.85 – 23.24% respectively. The selectivity towards C5+ hydrocarbons 
decreased gradually from 98.8 – 55.43% at 250 °C, coupled with a sharp drop to 28.26% at 260 °C. 
The selectivity to CH4 gradually increased with respect to temperature and pressure increase, which 
can be linked to catalyst re-oxidation at higher temperatures. Although CH4 selectivity is expected to 
decrease with CO conversion, and C5+ selectivity increases for Co-based catalysts, this was not the 
case. It appears there was the limited occurrence of secondary reactions (alkene re-adsorption and 
chain initiation), due to the very strong metal-support interaction between the Ru and meso-Co3O4, 
which structurally modified the catalyst and diffusion effects within the pores. The performance of 
the catalyst can be associated largely with mass transfer resistance and diffusion effects, which 
reduced the conversion at low temperatures, particularly for the diluted catalyst. 
More so, the successful modification of the Frontier tandem micro-reactor GC-MS system, to allow 
for the rapid evaluation of Fischer-Tropsch catalyst in two modes (i.e. batch and real-time analysis 
modes) was shown. A well-characterized Ru/SBA-15 catalyst was used to demonstrate the concept. 
The system shows the possibility of generating the Anderson–Schulz–Flory (ASF) distribution plot 
and subsequent determination of the chain growth probability within 30 min from the start of the 
reaction, which is not possible using a conventional Fischer-Tropsch reaction setup. This system, 
therefore, constitutes an efficient tool for rapid FT catalyst screening without missing important 
reaction data, which would require longer testing times if a conventional FT setup was used. 
From the real-time monitoring of catalysts, one could see the interwoven nature of the chromatogram 
as different chemical species dominate at various stages of the reactor conditions. This can be very 
useful in determining appropriate conditions to run actual reactions, for specific catalysts with 
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different compositions. The use of a separation column enables one to identify the presence of a wide 
range of hydrocarbon distribution, depending on the process conditions. 
The high selectivity for C5+ at high temperature leading to the formation of higher molecular weight 
hydrocarbons implies there are sufficient active sites for those catalysts under those conditions. The 
high selectivity for methane at 300 °C for the Ru-SBA-15 catalyst, leading to the formation of 
methane indicates that there is sufficient presence on the catalyst surface some dissociated hydrogen 
due to a lower abundance of active sites for chain growth, hence the carbon species at the surface 
become fully hydrogenated to methane. Also, the reaction at 150 °C Ru-SBA-15 catalyst indicates 
that if the reaction condition is too low, the process will only undergo water gas shift and reverse 
water gas shift activity, with little or no Fischer – Tropsch activity. 
In summary, the performance of the catalysts is as a result of the well-dispersed small Ru nanoparticle 
intimate interactions with the support and the limited diffusibility of products. The catalysts have 
more sites characterized by low barriers for CO dissociation, compared to sites with low barriers for 
C–C recombination, which accounts for increased hydrogenation at lower process operating 
temperature with improved selectivity towards the higher hydrocarbons. This is a direct impact of the 
dispersity, chemical identity, and surface properties of the type of support, as well as metal-support 
interaction (resulting in electronic modification). The selectivity of C5+ hydrocarbons could also be 
seen as a result of limited mass transfer and diffusion effects within the porous supports. The 
optimisation of materials, the active site (and its accessibility), support type, and the metal-support 
interaction can assist the structure–performance relationship of the catalyst. This can be employed to 
improve the entire process performance to yield high C5+ selectivity and less undesired products. 
